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ABSTRACT OF THE DISSERTATION 
 

Communicating Change Across Scales: Turbulence causes small things to make big impacts 

 
by 

 

Charlotte Bellerjeau 

 

Doctor of Philosophy in Oceanography 

 
University of California San Diego, 2026 

 
Matthew Alford, Chair 

 
 

 Winds and tides force oceanic motion at many different scales from basin scale 

overturning to centimeter scale turbulence. The physical mechanisms that transfer kinetic energy 

and momentum between these scales allow the global climate to be influenced by processes that 

are too small to be resolved by models. Understanding the physics behind these transfers of 

energy and momentum holds the key to parameterizing their impact in models. Observations 

allow us to understand the physics on a deeper level, and continue to see the ocean from new 
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perspectives as technology evolves. This thesis uses observations to illuminate the physical 

mechanisms by which internal wave breaking transfers energy and momentum between scales, 

and the human mechanisms that allow those observations to exist. 

 In Chapter 1 we use observations to show the pathway of kinetic energy cascade from 

internal tides to turbulence in frequency-space. Chapter 2 presents observations and ray tracing 

of near-inertial wave propagation and breaking, contributing a momentum drag to the Gulf 

Stream. In Chapter 3 we present a novel design for the turbulence sensing shear probe which will 

make ocean turbulence sensing more durable and a better candidate for large-scale observational 

programs.  Finally, in Chapter 4 we analyze 10 years of grant abstracts to unpack the language 

that researchers in this field use to describe their work to funding agencies, and how that rhetoric 

shapes the field itself.



1 

Introduction 
 

Kinetic energy is put into the ocean by winds and tides, and the ocean responds by 

moving at a variety of spatial scales and frequencies. This thesis focuses on the mechanisms by 

which kinetic energy and momentum are transferred between different scales of motion. Physical 

mechanisms of energy and momentum transfer allow the smallest scales of motion to 

meaningfully influence the fate of the largest scale ocean currents, playing an important role in 

regulating the global climate (Ferrari et al. 2009; Melet 2022).  

Kinetic energy cascades in both directions, from smaller to larger scales (inverse) and 

from larger to smaller scales (forward). It inhabits many different classes of motion that behave 

and interact in a variety of ways, such as geostrophic currents, eddies, submesoscale fronts, 

internal waves and turbulence. Small scales of motion including turbulence and most internal 

waves cannot yet be resolved by regional and global ocean models. However, these small scales 

play an important role in balancing ocean kinetic energy and momentum budgets (Naveira 

Garabato et al. 2013; Polzin et al.1997). Since they cannot be resolved in models, the next best 

option is to understand the physics of their interactions with larger scales so that the effects can 

be estimated in the form of parameterizations (Achatz 2024; Polzin 1995).  

Internal waves are one class of oceanic motion that draws kinetic energy from both winds 

and tides. Wind forcing drives internal waves at their minimum frequency and spatial scales of 

10s of kms, generating near-inertial internal waves (Alford et al. 2016). When the barotropic 

tides encounter topography, they generate internal tides that can freely propagate as internal 

waves at the semidiurnal or diurnal frequency depending on their latitude (Wunsch 1975). Once 

forcing mechanisms have generated these low-frequency large-scale internal waves their energy 

enters a forward cascade, transferring to smaller and smaller frequencies until it is dissipated and 
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converted to heat and potential energy (Olbers 1976; Müller et al. 1986; Polzin 1995; Dematteis 

et al. 2021). The momentum carried by internal waves can be transferred to larger scale currents 

once turbulence has been initiated by instability (Andrews and McIntyre 1976). Internal wave 

breaking thus transfers kinetic energy to smaller scales and momentum to larger scales. 

Turbulence generated by internal wave breaking contributes to the irreversible mixing of 

dense water with the lighter water above it. This mixing is thought to contribute to upwelling 

along ocean boundaries, supplying the available potential energy that fuels the global 

overturning circulation (Munk 1966; Ferrari 2016). In my first chapter, I will present 

observations of kinetic energy cascade above the steep sloping boundary within a submarine 

canyon. Using a coarse graining method that is relatively new to oceanography (Aluie et al. 

2018), I present the first ever direct observations of kinetic energy cascade at internal wave 

frequencies. Our observations show that the strongly nonlinear internal wave breaking in the 

canyon transfers kinetic energy to turbulence faster than it would be transferred by open ocean 

dynamics. Correctly parameterizing the influence of topographic interactions in down-scale 

kinetic energy cascade could unlock more realistic upwelling representations in ocean models. 

The generation of turbulence during internal wave breaking allows momentum to be 

transferred from the wave to the background flow (Eliassen and Palm 1961; Andrews and 

McIntyre 1976). In my second chapter, I present observations of near-inertial wave breaking in 

the Gulf Stream. Due to the combined effect of Doppler shifting and geostrophic vorticity only 

against-stream waves will ever break, leading to a net drag (Kunze 1985; Olbers 1981). I 

compute an upper bound on the resulting momentum transfer which would cause a local flow 

deceleration of 3cm/s. Using ray tracing, I expand the parameter space to account for the range 

of near-inertial waves that could be produced from a variety of wind forcing. The upper bound 
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on near-inertial wave drag indicates an equal significance to previously identified momentum 

sources and sinks for boundary currents such as the Gulf Stream (de Marez et al. 2020; Gula et 

al. 2015). This previously unidentified mechanism represents a sink of momentum for large scale 

ocean currents that is currently unaccounted for in models. Near-inertial wave drag 

parameterizations could contribute to a more accurate representation of the Gulf Stream in 

models in the future. 

Observations allow us to augment and verify our understanding of complex ocean 

physics, which would otherwise be based entirely on theoretical studies and modelling. 

Turbulence occurs sporadically and on scales ranging from meters to centimeters, making it 

challenging to observe (MacKinnon et al. 2017). In my third chapter I present a novel design for 

the turbulence sensing shear probe, which has remained unaltered for over 50 years (Lueck 

2002). The newly ocean-tested design replaces the fragile crystalline sensing element with a 

polymer that is much more durable. The increased durability will make shear probes a better 

candidate for large-scale observation programs that rely on non-expert deployment, like ARGO 

and GO-SHIP (Roemmich et al. 2019). Inclusion in large-scale open access observation 

campaigns would make turbulence data accessible to wider variety of users, outside of the 

handful of labs which are able to operate their own microstructure platforms (Le Boyer et al. 

2023). 

Engineering challenges are not the only hurdle for scientists to overcome to make ocean 

observations. The ever-evolving landscape of federal funding is another maze that must be 

navigated on the pathway to scientific progress. In my fourth and final chapter, I examine the 

historical and contemporary language used by oceanographers to describe their research when 

advocating for military funding. With a specific focus on the origin and uses of the categories 
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basic and applied, I unravel some of the functional roles of language in SIO grant abstracts from 

the time period 2015-2025. This work examines how language can be used to obfuscate our 

positionality as scientists, how the stories we choose to tell about our fields can define the way 

students interact with them, and how rhetoric is used to construct a relationship between science 

and impact.  

Taken together, all four chapters tell a story of how change is communicated across 

scales; how dynamics at the smallest scale can alter the fate of large systems. 
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Chapter 1 : Pathways to Turbulent Dissipation in a 

Submarine Canyon 
 

1.1: Introduction 

 
Turbulent mixing on small scales drives the abyssal part of the global ocean circulation 

by upwelling deep water (Munk, 1966; Wunsch & Ferrari, 2004). Kinetic energy (KE) imparted 

to internal waves by wind and tides is thought to cascade to smaller scales and higher frequencies 

until turbulent motions dissipate it as heat or convert it to available potential energy (Gregg, 

1989; Henyey et al., 1986; Olbers, 1976). Understanding the transfer of energy between scales is 

thus fundamental to closing the global overturning circulation, and to predicting how it may 

evolve in a changing climate and ocean (Dematteis et al., 2024; Lumpkin & Speer, 2007). 

The pathways that KE takes to dissipation in wavenumber‐frequency space depend on the 

mechanisms that are responsible for that energy transfer. In the open ocean internal wave KE is 

thought to cascade downscale via weakly nonlinear wave‐wave interactions. Eventually it 

reaches scales at which shear instability causes internal waves to break and transfer energy to 

dissipation. Alternatively, in more energetic environments, instabilities can occur at larger scales 

and energy may be transferred to dissipation without the need for wave‐wave interactions to 

move it downscale first (Kunze et al., 2012; Moum et al., 2003; Nash et al., 2007). 

Progress has been made toward characterizing the forward cascade of energy based on 

weakly nonlinear wave‐wave interaction theory (Müller et al., 1986; Olbers, 1976). Finescale 

parameterizations (Gregg, 1989; Henyey et al., 1986; Polzin et al., 1995) estimate the dissipation 

rate by relating turbulence to shear and/or strain, assuming that conditions are similar to the GM 

spectrum (Garrett & Munk, 1972). Departures from this spectral shape have been accounted for 
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in a phenomenological way (Ijichi & Hibiya, 2015; Polzin et al., 2014), but were recently 

successfully incorporated in the theoretical wave‐wave framework (Dematteis et al., 2024; Eden 

et al., 2019). Dematteis et al. (2024) developed a method that determines KE transfers in 

wavenumber‐frequency space based on wave triad interactions, hereafter referred to as the W‐W 

method. 

In parallel to progress on weakly nonlinear KE cascade theory, observations and models 

have identified regions with rough topography as significant sites of mixing, dissipation, and 

upwelling (de Lavergne et al., 2016; Ferrari et al., 2016; Polzin et al., 1997). Many of these areas 

are highly energetic, featuring strongly nonlinear dynamics that render finescale 

parameterizations invalid (Alford, 2010; Klymak et al., 2008; Kunze et al., 2002; Waterman et 

al., 2014). This disconnect between theoretical tools and observations leaves a gap in our 

understanding of the KE cascade in topographic regions where mixing is strongest, which are of 

leading‐order importance to the upwelling branch of the meridional overturning circulation. 

This study maps the transfer of KE to dissipation within a canyon as the semidiurnal 

internal tide (D2, encompassing multiple undistinguished tidal constituents) breaks convectively 

above its sloped floor. Analysis of the combined data set revealed 200 m tall overturns (Alford et 

al., 2024; Wynne‐Cattanach et al., 2024b). We apply a coarse graining method (Aluie et al., 

2018) to velocity data from a closely spaced mooring array, mapping the KE cascade in 

frequency space. The method uses selective low‐pass filtering to determine cross frequency KE 

flux. Coarse grained flux is compared to dissipation from shear microstructure observations, 

finescale parameterizations, and the W‐W method. When the internal tide is breaking, KE likely 

is not contained in a neatly organized internal wave continuum, but rather in some strongly 

nonlinear assemblage of convective billows that advect past the moorings. Unlike finescale 
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parameterizations and the W‐W method, coarse graining does not make assumptions about flow 

dynamics or weak nonlinearity. We find that KE is transferred directly to dissipation from lower 

frequencies when strong nonlinearity is allowed. 

1.2: Data and Methods 

 

Figure 1.1: [a] Canyon bathymetry from shipboard multibeam observations. Criticality (Eq 1) 
with respect to D2 (color). Dashed black lines show bathymetry sections in (b) and (c). Mooring 

locations in red, MP3 (triangle), MAVS3 (circle), and MAVS4 (plus sign). [b] Along-canyon 
bathymetry with mooring ADCP ranges (thick black) [c] Across-canyon bathymetry [d] 

Frequency spectra of velocity at each ADCP depth bin from MP3. Depth indicated by color. 

Frequency bands shaded in color. Diurnal (K1), semidiurnal (D2), inertial (f), and buoyancy (N) 
frequencies marked with dashed lines. Grey bar indicates spectral uncertainty. Spectra WKB-

scaled above f. 

 

1.2.1: Boundary Layer Observations in a Canyon 

From July 2021 through August 2022, turbulent processes were observed in a Rockall 

Trough canyon during the Boundary Layer Turbulence (BLT) project (Alford et al., 2024; 
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Wynne‐Cattanach et al., 2024b). Three moorings, referred to as MAVS3 (circle markers), MP3 

(triangle markers), and MAVS4 (plus markers), were deployed in a critically sloped section for 

10 months (Figure 1). Each was equipped with a downward looking Acoustic Doppler Current 

Profiler (ADCP). MP3 included a McLane Moored Profiler (Doherty et al., 1999) set to transit 

the 530 m cable every 3 hr, providing co‐located CTD and ADCP velocity data for 3 weeks in 

July 2021, after which it stopped profiling due to mechanical failure. Ship‐based shear 

microstructure profiles were obtained using the epsilometer (Le Boyer et al., 2021) over 130 

collective hours of sampling during July 2021 and 213 hr during August 2022. Observations 

from within 2 km of MP3 are used to create a mean profile of the turbulent dissipation rate of 

KE, ϵ. 

Criticality, s, shown in (Figure 1a), impacting the nature of internal wave breaking on 

topographic slopes, is defined by the ratio of the slope, α, to the characteristic slope of the tide. 

𝑠 =  
𝛼

√
𝜔𝐷2

2 − 𝑓2

𝑁 2 − 𝜔𝐷2
2

 1.1

 

 

where ωD2 is the semidiurnal (D2) tidal frequency, f is the local inertial frequency, and N 

is the mean buoyancy frequency. A critical slope, resulting in parallel reflection and breaking 

(Eriksen, 1982; Wunsch, 1969), is defined as s = 1. 

1.2.2 Spectral Analysis 

1.2.2.1 WKB Scaling 

As internal waves propagate, their amplitude and vertical wavelength change in response 

to changes in stratification. To compensate for this refraction, allowing comparison of internal 
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wave velocities across the water column, the velocity data are WKB‐scaled as below following 

Leaman and Sanford (1975): 

𝑈𝑊𝐾𝐵(𝑧, 𝑡) =  𝑈(𝑧, 𝑡) [
〈𝑁〉

𝑁(𝑧)
]

1
2⁄

1.2 

where U = [u, v, w] is velocity from the ADCP, N(z) is the mean buoyancy frequency at 

each depth, and 〈N〉 is depth‐mean buoyancy frequency. Ship‐based repeat CTD casts from 

September 2021 are used to compute the mean N profile. 

1.2.2.2 Time Mean Spectra and Kinetic Energy 

Frequency spectra of complex velocity (Gonella, 1972) are computed with velocity data 

from MP3 using Welch's method with 50% overlapped Hanning windows, each containing 60 

days of data. After subtracting the instrument noise floor of 7 × 10-6 (m/s)2/cpd estimated from 

observed spectral whitening at the highest frequencies, KE is computed by integrating the 

unsmoothed spectrum, ϕ(ω), over a discrete band, where A and B denote band limit frequencies: 

𝐾𝐸𝐴𝐵 =  ∫ 𝜑(𝜔)𝜕𝜔 
𝐴

𝐵

1.3 

Following Le Boyer and Alford (2021), continuum KE is estimated by integrating over a 

best fit of the GM spectrum (Garrett & Munk, 1972) to the high frequency continuum (ω > 8 

cpd), rather than the observed spectrum, to minimize contamination by tidal harmonics. 

1.2.2.3 Wavelet Analysis 

Continuous wavelet transforms are used to produce a time‐frequency record of wavelet 

energy density from ADCP data. Wavelet transforms reveal the frequency content of a signal in 

time by convolving the data with a wavelet that is compact in frequency and time (Kumar & 

Foufoula‐Georgiou, 1997; Torrence &Compo, 1998). 
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1.2.3 Finescale Parameterization 

Finescale parameterizations estimate dissipation from velocity shear and/or vertical strain, 

assuming energy is transferred downscale by internal waves interacting in a GM‐like field 

(Gregg, 1989; Gregg et al., 2003; Henyey  et al., 1986; Polzin et al., 1995). We use the version of 

the finescale parameterization presented by Gregg et al. (2003), which uses both shear and strain 

spectra, hereafter referred to as GHP. Wavenumber spectra of shear and strain are computed 

using data from the ADCP and CTD mounted on the McLane Moored Profiler. Strain, ξz = N2 (t, 

z) / ‹N2 (z) › , is computed from time variations in N, the buoyancy frequency. Shear, S = ∂(u, v) 

/ ∂z , is computed over10 m bins centered around each 2 m McLane depth bin due to the 10 m 

resolution of McLane velocity data (Alford, 2010). Wavenumber spectra of shear and strain are 

computed over 150 m bins using Welch's method with no windowing. 

1.2.4 Coarse Graining 

Aluie et al. (2018) applied a coarse graining method to oceanography which, unlike GHP, makes 

no assumptions of stationarity, statistical homogeneity, scale invariance, or degree of 

nonlinearity. WKB‐scaled velocity data is low‐passed at a spatial scale of interest, l, and applied 

to the rotating Boussinesq equations of motion. A KE budget for scales >l is derived which 

includes a term, Πl, for the transfer of energy to scales <l. The full equations of motion can 

describe the low‐passed field in detail, but we compute only one term of the KE budget, Πl, 

describing coupling to smaller scales. Cross‐scale interactions between velocity and pressure 

terms are neglected by this method. Like some other studies (Barkan et al., 2021; Naveira 

Garabato et al., 2022) we coarse grain infrequency space. Rather than at spatial scale, l, we low‐

pass at frequency scale, ω. Cross‐frequency kinetic energy flux, Πω, is defined as: 
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Π𝜔 (x, y, z, t) = −
1

2
(∇𝒖̅𝜔 + ∇𝒖̅𝜔

𝑇 ): (𝒖𝒖̅̅ ̅̅ 𝜔 − 𝒖̅𝜔𝒖̅𝜔) 1.4 

where u(x, y, z, t) = (u, v, w) is the velocity at time t and location (x, y, z). ∇ is a 3D gradient, 

superscript T is a transpose operator, : is a tensor inner product, and over‐line with subscript ω 

signifies low‐passing. Πω gives the scalar magnitude and direction (± to higher/lower frequency) 

of KE flux, in W/kg, across frequency boundary ω. Equation 4 is computed at each sample in 

space and time (every 16 m in depth, 425 m horizontally, and 15 min intime). Gradient terms are 

computed by interpolating onto shared depths and times, calculating the velocity gradients 

between mooring pairs, and then averaging between pairs. Vertical velocity, w, signals are often 

too small to be measured by moored ADCPs. Because of the strong tide and the topographic 

slope our w data has a10:1 signal to noise ratio, sufficient for our analysis. 

We choose to work in frequency space due to the high time resolution and low spatial 

resolution of our data. Mathematically, this method can be applied in the same way to temporal 

or spatial scales (Barkan et al., 2017). Similarly to Naveira Garabato et al. (2022), the decision to 

do so relies on the shape of the 2D velocity spectrum. Ocean frequency and wavenumber 

velocity spectra are typically red, meaning that as the wavenumber of fluid motions increases, 

their frequency tends to increase as well. A few notable exceptions include near‐inertial waves 

and internal tides, which occur at one frequency but can be observed at many wavenumbers 

(Alford, 2010; Leaman & Sanford, 1975). To maintain the validity of relating KE flux in 

frequency space to spatial scales, we exclude the semidiurnal tide and its first harmonic by 

choosing frequency boundaries ω > 4.5 cpd. 

ADCP noise cannot be removed from coarse grained estimates, because they are 

computed at each point in space and time, rather than from a spectrum. White noise in the 
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velocity data adds noise to the estimated flux, especially at higher frequencies, but does not 

contribute to an erroneous trend or bias in the results. 

1.2.5 Wave-Wave Interaction Numerical Method 

We compare cross‐spectral fluxes from coarse graining to the Dematteis et al. (2024) 

method applied to the three‐wave kinetic equation (Lvov et al., 2004; Olbers, 1976). As with 

coarse graining, it makes no assumptions of stationarity, scale invariance, or the locality in 

wavenumber‐frequency space. Unlike coarse graining, the W‐W method excludes all energy 

transfer mechanisms other than wave‐wave interactions, under the assumption of weak 

nonlinearity. The W‐W method takes a given wavenumber and frequency spectrum of velocity 

and computes the KE flux that would result from wave‐wave interactions between arbitrary finite 

boxes in wavenumber‐frequency space. Coupling between KE and available potential energy is 

accounted for by the W‐W method because it is based on a spectral space budget for the total 

energy of the internal wave field. The W‐W method has the potential to improve finescale 

parameterizations by estimating dissipation using a first principles approach, and taking into 

account changes in spectral slope which reflect a diverse range of energy sources (Dematteis et 

al., 2024; Le Boyer & Alford, 2021; Pollmann, 2020; Polzin & Lvov, 2011). 

Due to computational expense, we restrict bins in frequency space to three boundaries, at 

2.7, 8, and 20 cpd. The W‐W method excludes tidal harmonics spectrally, so the lowest boundary 

can be lower than for coarse graining. Coarse graining can only remove tidal and harmonic 

contamination by the choice of frequency boundary because it is not a spectral method. 
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1.3 Results 

1.3.1 Depth Dependence of Time-Mean Kinetic Energy 

 
 

Figure 1.2: Data from MP3. [a] Frequency spectrum of velocity at each ADCP depth bin. [b] KE 

in select frequency bands. Near inertial (yellow) and diurnal (green) KE are negligible, falling on 

the zero axis at this scale. [c] Semidiurnal band-passed velocity components at one depth above 
the canyon (1015 m) and one within (1367 m). TPXO barotropic tidal ellipse overlaid. [d] 

Frequency spectrum of velocity at each depth bin at continuum frequencies. GM spectrum (thick 
black) and best fits to each spectrum above 8 cpd (thin grey). [e] Elevation of continuum as ratio 

of GM fits over GM. 

 
D2 is the dominant KE source below the canyon rim (Figure 2a). By integrating across 

sub/mesoscale, diurnal, near‐inertial, semidiurnal, and continuum bands, we can see how KE 
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changes with depth (Figure 2b). Sub/mesoscale (62–6 day periods) KE signals are strongest 

above the canyon, but decrease rapidly below the rim. Neither the diurnal nor the near‐inertial 

band contributes a significant KE signal.  

Tidally band‐passed (1.2 - 3.0 cpd) velocity is plotted at one example depth above the 

canyon (1,015 m) and one within (1,367 m) (Figure 2c). Semidiurnal velocities exceed 

barotropic predictions from TPXO tide models (Egbert & Erofeeva, 2002) at all depths, and are 

greatest within the canyon, indicating an internal tide. The D2peak contains the most KE at all 

depths, and is maximum within the canyon at a depth of 1,300 m. We believe this is due to the 

criticality of the canyon floor with respect to D2 (Figure 1a). 

Some D2 KE cascades to higher frequencies and is dissipated, so unless it transfers 

directly from the tide to dissipation it must be observable in continuum frequencies. Fitting the 

GM spectral shape to the observed velocity spectrum above 8 cpd shows that continuum KE is 

elevated above the predicted GM spectrum (Figure 2d). The elevation of continuum KE 

increases with depth to 4 times GM (Figure 2e). This increase suggests that more KE is passing 

through continuum frequencies at depth, where we expect internal tide breaking to play a more 

important role in energy transfer. 
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1.3.2 Timescales of Kinetic Energy Transfer 

 

Figure 1.3: [a] Sample scalogram at 1303m depth [b] Peak KE in D2 and continuum bands 
normalized by the time-mean and shifted 2 m2s−2 for visibility [c] Correlation between D2 and 

continuum, with shaded 99% confidence interval (so narrow that it appears to be a line 

connecting the markers) [d] Lag at maximum correlation between D2 and continuum 

 
We expand our analysis to frequency, depth, and time using a continuous wavelet 

transform at each depth, such as the example from 1,303 m (Figure 3a). The energy density in 

the scalogram is relative because continuous wavelet transforms do not conserve energy. Scaling 

to the mean KE level from spectral analysis and integrating, we produce a time record of 

continuum and D2 KE. A spring‐neap cycle can be observed in both bands (Figure 3b). The 

records are smoothed over a 4‐day window to isolate the spring‐neap cycle and lagged cross 

correlation is computed, similar to Le Boyer and Alford (2021). Correlation between D2 and 

continuum KE is greatest within the canyon (Figure 3c). 
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The lag at maximum correlation decreases with depth to 6 hr (Figure 3d). D2 is the only 

significant KE source in the canyon, so the lag can be interpreted as the mean timescale over 

which KE must dissipate to maintain the observed approximate stationary state. KE is transferred 

to dissipation most rapidly near the floor of the canyon.  Early numerical methods based on 

wave‐wave interactions in the GM spectrum estimate timescales for KE transfer on the order of 

10 - 100 days in the open‐ocean (Olbers, 1976). More recent studies have identified open‐ocean 

processes that transfer energy on a timescale of hours (Dematteis et al., 2024; MacKinnon & 

Winters, 2005). This study finds a timescale of KE cascade on the faster end of observed and 

modeled dissipation mechanisms, consistent with the vigorous observed internal tide breaking 

(Wynne‐Cattanach et al., 2024b). 

1.3.4 Pathways to Dissipation 

 
KE cascade pathways are mapped by computing flux through discrete bins in frequency 

space, showing whether KE passes through continuum frequencies or transfers directly from D2 

to dissipation. Before quantifying the KE pathways, we build physical intuition by placing upper 

and lower bounds on the amount of energy that could flux through continuum frequencies 

(Figure 4a, red dots). The upper bound represents dissipation of 100% of continuum KE, from 

Figure 2d, over the lag‐based timescale from Figure 3d. The lower bound must be non‐zero if we  

assume only forward cascade, because continuum KE oscillates in time (Figure 3b). The lower 

bound represents a case in which only enough KE fluxes to account for the spring‐neap 

continuum oscillation. The next dominant frequency in the continuum is semidiurnal: much of 

the dissipated KE is likely transferred on this timescale. The spring‐neap cycle was chosen for a 

conservative lower bound because it contains more continuum KE variance than any other 
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frequency component, and has the largest correlation to D2 in time. These time‐mean upper and 

lower estimates bound most dissipation samples (pale blue dots), building confidence. 

 

 

Figure 1.4: [a] Turbulent kinetic energy dissipation rate, ϵ, from microstructure observations 

(light blue individual estimates, dark blue mean), and GHP (black stars). KE flux through 

continuum frequencies from physical bounds (dotted red), W-W method flux from above 2.7 cpd 
(dashed purple), and coarse graining flux from above 4.5 cpd (pink plus signs). [b] KE pathways 

in frequency space. Short arrows show flux across (vertical dashed) frequency boundaries, longer 
curved arrows show flux directly to dissipation. Units are 10−8 W/kg. Depth averaged velocity 

spectrum without (solid blue) and with (pale dashed blue) ADCP noise. 

 
GHP (black stars) agrees with mean observed dissipation (solid blue) and the physical 

upper bound (rightmost red dots), suggesting that all dissipated KE is observable in continuum 

frequencies (Figure 4a). The W‐W method (dashed purple) and coarse graining (pink plus 

markers) both estimate fluxes within 3x greater than GHP, over‐predicting flux through 

continuum frequencies and exceeding the physical bounds of the system (Figure 4a).Coarse 

graining cannot account for KE conversion to available potential energy, which may explain why 

it exceeds observed dissipation and physical bounds (Figure 4a). Coarse graining is only 
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available at depths where velocity data from all three moorings overlaps, so it covers a narrower 

depth range. 

Using multiple frequency boundaries, we map the KE cascade through discrete frequency 

bins (Figure 4b). The long arrows in Figure 4b represent flux to frequencies higher than we 

observed, which we assume transfers directly to dissipation. For coarse graining, direct 

dissipation is computed from the convergence of flux. Unlike coarse graining, the W‐W method 

is 2‐dimensional, so for the W‐W method direct dissipation is estimated from flux to high 

wavenumber. While the W‐W method assumes that dissipation of KE is caused by direct 

breaking of internal waves due to shear instability, coarse graining makes no dynamical 

assumptions, describing only the amount of KE above and below a chosen boundary and the 

coupling across that boundary. It is likely, given the presence of 200 m convective overturns, that 

we observed the advection of strongly nonlinear features rather than internal waves, invalidating 

the assumptions of the W‐W method and making coarse graining a more appropriate method. 

 The influence of strong nonlinearity in the cascade is seen by comparing coarse graining 

with the W‐W method. Both methods estimate a similar magnitude of flux through the 

continuum, in agreement with time‐mean observed dissipation and GHP within a factor of 3, but 

they show KE taking different pathways. Coarse graining shows a transfer of KE that is weighted 

toward lower frequencies, while the W‐W method shows a more evenly distributed flux of KE 

from all frequency bins. Coarse graining predicts 68% of KE fluxing to dissipation from below 8 

cpd, while the W‐W method predicts only 34% (Figure 4b). These results suggest a cascade 

which relies on fewer intermediate processes before wave‐breaking than open‐ocean wave‐wave 

interactions, and may transfer energy more efficiently. 
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1.4 Discussions and Conclusions 

Coarse graining agrees with the W‐W method on the magnitude of flux through the 

continuum, but reveals a less local pathway. The physical difference that could result in these 

distinct pathways is the scale at which we assume wave‐breaking to occur. The W‐W method 

does not allow strong nonlinearity, assuming that weakly nonlinear interactions must transfer 

energy to the scales at which shear instability will ultimately result in dissipation. By allowing 

for convective wave‐breaking at any scale, coarse graining shows KE flux to dissipation from 

frequencies closer to D2. In this study, weakly nonlinear methods estimate a magnitude of 

dissipation similar to observations despite the invalidation of their underlying assumptions. That 

is not always the case in other observational studies (Alford, 2010; Klymak et al., 2008; Kunze et 

al., 2002; Waterman et al., 2014). Coarse graining allows us to gain a deeper understanding of 

the mixing processes in this strongly nonlinear environment, and may be useful in other cases 

where open‐ocean methods are not applicable and high resolution data is available. 

Regions with sloping seafloors have been identified as leading‐order contributors to the 

upwelling branch of the MOC. Canyons play an important role in upwelling deep water across 

continental shelves through tidal and wind driven mixing, and are ubiquitous features in global 

coastlines (Alberty et al., 2017; Alford & MacCready, 2014;Hickey, 1995; Waterhouse et al., 

2017). Turbulent mixing in subcritical and super‐critically sloped canyons has been well studied, 

but quantifying the KE cascade has long been outside the reach of theory and modeling due to 

the complexity of the processes involved. It is likely that other critically sloped topography 

where internal tides are breaking may experience a similarly rapid energy cascade. The methods 

used here have the potential to improve the accuracy of and bound the applicability of mixing 

parameterizations in global climate models. 



20 

Acknowledgements 

This work would not have been possible without the efforts of the Multiscale Ocean 

Dynamics team, and the captain and crew of the RRS Discovery. This project was funded by the 

National Science Foundation (grants OCE-1756264, OCE-1756324 and OCE-1756251) and the 

Natural Environment Research Council (grant NE/S001433/1). We would also like to thank Kurt 

Polzin, Eiji Masunaga, Noel Gutierrez Brizuela, Joe Skitka, and Zhiyuan Gao for their wisdom 

and support.  

Chapter 1, in full, is a reprint of the material as it appears in Pathways to Turbulent 

Dissipation in a Submarine Canyon. Bellerjeau, Charlotte; Matthew H. Alford; Arnaud Le 

Boyer; Giovanni Dematteis; Alberto Naveira Garabato; Gunnar Voet; Nicole Couto; and Bethan 

L. Wynne-Cattanach, Geophysical Research Letters, 2025. The dissertation author was the 

primary investigator and author of this paper. 

 

 

 
  



21 

Chapter 2 : Near-Inertial Wave Drag on the Gulf Stream 
 

2.1 Introduction 

Near-inertial internal gravity waves, generated primarily by wind forcing on the surface 

of the ocean (Alford et al. 2016), account for approximately half of the energy in the internal 

wave field (Ferrari and Wunsch 2009). Most ocean mixing results from breaking internal waves. 

The importance of mixing for fueling deep circulation and for setting horizontal and vertical 

density gradients has led to an intense focus on internal waves’ energetic contribution to the 

ocean. Several recent studies have also focused on the momentum carried by internal waves that 

is deposited when they break, accelerating the mean flow in the direction the wave was 

propagating (Muench and Kunze 1999; Pinkel et al. 2012; Shakespeare and Hogg 2019).  

Near-inertial wave interactions with larger scales of motion have often been studied in 

the context of their energetic contributions to mixing and exchanges of kinetic energy with the 

mesoscale and submesoscale (Kunze 1985; Young and Jelloul 1997; Polzin 2010). Kunze et al. 

(1995) and Alford et al. (2025) both observe a balance between kinetic energy dissipation and 

flux divergence at the base of mesoscale eddies, suggestive of near-inertial wave trapping in 

critical layers. Barkan et al. (2021) show that the presence of near-inertial waves in realistically 

forced regional ocean simulations leads to depleted mesoscale energy. Using a multiscale array 

of moorings, Savage et al. (2025) observe energy transfers both into and out of the near-inertial 

wave band from lower frequency motions. Several studies have observed higher levels of shear 

associated with near-inertial waves on the lower vorticity side of fronts and jets (Duda and Cox 

1987; Rainville and Pinkel 2004; Alford et al. 2013).  
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The strain and shear generated by mesoscale motions impact near-inertial wave 

propagation by modifying the minimum frequency at which they can freely propagate and the 

intrinsic frequencies of the waves themselves. Kunze (1985) explored the impacts of both of 

these factors on near-inertial wave propagation and breaking in a geostrophic jet using ray 

tracing. Essink et al. (2022) used ray tracing and observations to investigate the impact of 

minimum and intrinsic frequency shifting on near-inertial kinetic energy and associated 

turbulence within and anticyclonic eddy. Whitt and Thomas (2013) similarly used a ray tracing 

approach to look into the behavior of near-inertial waves in strongly baroclinic currents, like the 

Gulf Stream. The impact of the mesoscale eddy field on near-inertial wave propagation was 

observed recently in the NISKINe experiment and global drifter datasets (Thomas et al. 2024a; 

Conn and Callies 2026). When near-inertial waves break due to interactions with mesoscale 

currents, there is often minimal exchange of kinetic energy with the current itself. Kunze et al. 

(1995) found a 7% exchange of kinetic energy due to near-inertial wave breaking within an 

anticyclonic eddy. The wave-mean interaction is more significant when viewed through the lens 

of momentum exchange.  

The generalized Eliassen-Palm flux theorem states that internal wave momentum flux, 

also referred to as pseudomomentum flux (Mcintyre 1981), is conserved in the absence of 

dissipation and nonlinearity (Andrews and McIntyre 1976). Polzin (2010) points out that this 

theorem only holds when the background velocity field contains at least one axis of horizontal 

symmetry, so we will assume that the Gulf Stream is symmetric in the along-stream coordinate, 

similar to Kunze (1985) and Whitt and Thomas (2013). Upon dissipation internal waves deposit 

their momentum in the mean flow, conserving the momentum of the combined wave-mean 

system and accelerating the mean flow in the direction the wave was traveling. Internal gravity 
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waves have long been known as a source of momentum for atmospheric circulation (Eliassen and 

Palm 1961; Lindzen 1973; Bühler and McIntyre 1999). Atmospheric scientists have incorporated 

wave-mean interactions into climate modeling and weather predictions in the form of a 

parameterized wave-drag, (Achatz et al. 2024; Kim et al. 2003). Physical oceanographers have 

also identified mechanisms by which internal wave pseudomomentum flux impacts the mean 

flow, but have yet to develop model parameterizations based on these mechanisms. Some 

examples of known oceanographic wave-mean momentum interactions include internal tides 

forcing upper ocean circulation (Pinkel et al. 2012; Shakespeare and Hogg 2019), internal waves 

fueling equatorial deep jets (Muench and Kunze 1999, 2000), and topographic lee waves 

exerting a drag when they break locally (Bell 1975; Naveira Garabato et al. 2019; Voet et al. 

2023). In this work, we explore a mechanism by which wind-driven near-inertial waves exert a 

drag on the Gulf Stream. 

 

Figure 2.1: A cartoon depiction of the modifications to near-inertial wave propagation due to a 

strongly baroclinic jet. Isopycnals are depicted by thick gray lines sloping down to the left. The 

blue (red) bowl shape represents an area of negative (positive) vorticity. [a] Negative (positive) 

vorticity generates a regions of low (high) 𝜔𝑚𝑖𝑛. The jet structure of the flow is indicated by the 

purple target symbols. Sheared velocity Doppler shifts 𝜔𝑖 . [b] The combined alterations of 𝜔𝑚𝑖𝑛 

and 𝜔𝑖 determine the locations of critical layers. 

 
 Internal wave breaking occurs at critical layers, when the wave reaches the minimum 

intrinsic frequency at which it can propagate, 𝜔min, and is unable to reflect away, (Figure 2.1). In 
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the absence of mesoscale influence, 𝜔min is the inertial frequency, 𝑓 , which is also the frequency 

of waves generated locally by storms. 𝜔min can be altered by vorticity and baroclinicity that tilts 

the isopycnals and alters the dispersion relation of the wave (Kunze 1985; Whitt and Thomas 

2013). We adopt the definition of 𝜔min derived by Whitt and Thomas (2013), which takes both 

vorticity and baroclinicity into account. The jet structure of the Gulf Stream introduces a 

complex vorticity field and strongly tilting isopycnals which both influence 𝜔min, although the 

vorticity effect is more significant in our case. The negative vorticity on the south side of the 

Gulf Stream lowers 𝜔min, and the positive vorticity on the north side raises it. The locations of 

near-inertial wave reflections and critical layers are determined in part by this spatially complex 

field of 𝜔min. Our observations show a wave propagating in from the south and reflecting off the 

positive vorticity of the Gulf Stream north wall. We will focus on the case study of waves 

generated within and to the south of the Gulf Stream, because the vorticity structure makes it less 

likely that a wave would be able to enter the Gulf Stream core from the north. Rainville and 

Pinkel (2004) observed near-inertial wave blocking on the shoreward side of the Kuroshio due to 

this same mechanism. 

 The other factor that influences the location of reflections and critical layers is the wave’s 

intrinsic frequency, 𝜔i, which is Doppler shifted as the wave propagates through sheared flow. In 

the case of downward propagating internal waves and positively sheared mean flow, any wave 

with a component of propagation against-stream will have 𝜔i shifted down. A decrease in 𝜔i 

makes it more likely that the wave will reach 𝜔min. If 𝜔i = 𝜔min in a location where the 𝜔min 

contour is parallel to isopycnals, like the bottom of an eddy for example, trapping will occur in a 

critical layer, (Figure 2.1). The group velocity of a trapped near-inertial wave will go to zero and 

its vertical wavenumber will increase. The shortening of vertical wavelength will eventually 
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trigger shear instability and the wave will be dissipated, depositing its momentum in the mean 

flow.  

Taking both the modifications of 𝜔min and 𝜔i into account, this study finds that only 

waves propagating against-stream encounter critical layers in jet-like velocity fields like the Gulf 

Stream. The exclusive trapping of against-stream rays was also found by the theoretical studies 

of Kunze (1985) and Olbers (1981). We here show an observational case study of this 

mechanism from a 200 km transect of the Gulf Stream and then use ray tracing to model a range 

of different near-inertial waves with varied starting locations, 𝜔i = 0.8 𝑓 to 1.2 𝑓 , and initial 

amplitudes, 𝑢̂ = 0.05 m/s to 0.3 m/s. The preferential breaking of against-stream internal waves 

suggests that near-inertial waves contribute a negative acceleration to the Gulf Stream, or a near-

inertial wave drag. 
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2.2 Observations 

 

Figure 2.2: [a] Shiptrack of Gulf Stream transect with average currents from 50-70 m depth, 

gray arrows are geostrophic currents from CMEMS Global Total velocity, colors are temperature 

from the NASA Multi-scale Ultra High Resolution SST satellite product. [b] current speed from 
Acoustic Doppler Current Profiler (ADCP) transect with isopycnals from Fast CTD (FCTD) in 

gray. Tick marks at surface show profile locations. Mean [c] wind speed, [d] inertial wind work, 
and [e] inertial current amplitude from a slab model forced by ERA5 reanalysis wind data from -

63° to -64.5° longitude and 38.5° to 39.5° latitude. Our observational period is shown in (c-f) in 

gray. 

 
A 200km transect was conducted across the Gulf Stream from 10pm on May 28th to 6pm on 

May 30th 2023, (Figure 2a). The shiptrack is plotted with current speed from the top shipboard 

38 kHz ADCP bin centered around 60m depth, as well as May 28th sea surface temperature from 

the NASA Multi-scale Ultra High Resolution (MUR) SST gridded satellite reanalysis product 

(NASA/JPL 2019) and geostrophic currents from the CMEMS Global Total velocity product 

(Rio et al. 2014). The Fast CTD (FCTD) profiler (Alford and Pinkel 2000) was used to collect 
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temperature, salinity, depth, and microconductivity data at 0.5 m depth resolution from the 

surface to 1200 m at an average horizontal spacing of 630 m starting in the south and moving 

north. Velocity data were simultaneously recorded by a shipboard 38 kHz ADCP at 24 m depth 

resolution down to a depth of 1800 m. Current speeds reached a maximum of 2 ms−1 in the core 

of the Gulf Stream, (Figure 2.2b). We define our coordinate system with the positive y-axis 

facing across-stream to the north, indicated by the white arrows in Figure 2a.  

Passage of a storm on May 16th generated strong wind forcing leading up to the 

observational period, which is indicated by the gray box in Figures 2c-e. The maximum average 

wind speed for the domain 63 to 64.5° W, 38.5 to 39.5° N was 17 ms−1, observed 12 days before 

the observational period. We use 12 days as the transit time of the near-inertial wave from the 

surface to the depth at which we observe it, and this timing is corroborated by ray tracing in 

Section 2.4.2. A slab model (Pollard and Millard 1970) forced by ERA5 reanalysis wind data 

shows a peak in inertial wind work and inertial current amplitudes averaged over one inertial 

period during the strongest wind event. The average near-inertial wave amplitude from the 

period modeled is 𝑢̂ = 0.0639 ms−1, similar to the observed wave amplitude of 𝑢̂  = 0.055 ms−1 

shown in Section 2.4.1.2. 

2.3 Methods 

2.3.1 Minimum Frequency 

Whitt and Thomas (2013) describe the behavior of a near-inertial wave propagating 

perpendicular to a strongly baroclinic jet. They derive equations of motion for a time-dependent 

simple harmonic wave propagating through a sheared flow that take the form of the Eliassen 

Sawyer equation below (Sawyer 1956; Eliassen and Palm 1961): 
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) , where 𝜌 is density, 𝑓 is the local inertial frequency, and 𝑔 is the acceleration due to 

gravity. The coordinate system (𝑥, 𝑦, 𝑧) is oriented so that the x-axis is along-stream, the y-axis 

is across-stream, and the z-axis is up, as indicated by the white arrows in Figure 2a. Geostrophic 

along-stream velocity 𝑢𝑔 and buoyancy 𝑏𝑔 are computed by low-pass filtering observed ADCP 

velocity and FCTD buoyancy at 25 km horizontal scales and 150 m vertical scales to remove 

ageostrophic signals. These scales represent the horizontal and vertical wavelength of the near-

inertial wave computed in Section 2.4.1.2. The time oscillating part of the equation of motion is 

represented by 𝜓(𝑥, 𝑦, 𝑧) = ℜ(Ψ(𝑦, 𝑧))𝑒−𝑖𝜔𝑡 ), where 𝜔 is the Eulerian frequency of the wave and 

𝑡 is time.  

The dispersion relation derived from Equation 1 takes into account both the vortical and 

baroclinic effects of the mean flow’s shear and strain. See Whitt and Thomas (2013) for a 

complete derivation and an insightful physical description of near-inertial wave behavior in 

critical layers without Doppler shifting; in their formulation, the Doppler shift vanishes because 

the waves propagate normal to the mean current. We here leverage an adapted version of their 

ray tracing software (Whitt and Thomas 2013; Whitt et al. 2018) to characterize near-inertial 

wave behavior with Doppler shifting.  

The minimum frequency for a near-inertial wave in the presence of vortical and 

baroclinic effects is defined as: 

𝜔𝑚𝑖𝑛 = 𝑓√1 +  𝑅𝑜𝑔 − 𝑅𝑖𝑔
−1 2.2 
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where 𝑅𝑜𝑔 = 𝜁𝑔/ 𝑓 is the Rossby number with geostrophic vorticity 𝜁𝑔 =  
∂𝑣𝑔

∂x
−

∂𝑢𝑔

∂y
  

, and 𝑅𝑖−1𝑔 =
𝑓2𝑁𝑔

2

𝑆4  is the inverse geostrophic Richardson number. We use Equation 2 to compute 

𝜔𝑚𝑖𝑛 at every point in our transect. For waves propagating along isopycnals and in the case of no 

baroclinicity, the minimum frequency would reduce to ω𝑚𝑖𝑛  =  f +
ζ𝑔

2
  (Kunze 1985; Young 

and Jelloul 1997). The dominant effect on 𝜔𝑚𝑖𝑛 in the case we observed is vorticity, which 

creates a region of lowered 𝜔𝑚𝑖𝑛 south of the Gulf Stream core. 

2.3.2 Intrinsic Frequency 

The intrinsic frequency of the wave, 𝜔𝑖, is the frequency measured when following the 

flow. We compute 𝜔𝑖 for our observed wave using 𝛾, the angle between each coherent shear 

layer and isopycnals from FCTD/ADCP observations. Near-inertial waves at 𝜔𝑚𝑖𝑛 force particle 

oscillations and shear layers parallel to isopycnals. We can tell how far a wave’s 𝜔𝑖 is above 

𝜔𝑚𝑖𝑛 based on how far its angle of oscillation is from the isopycnal angle. This method is an 

adaptation of Equation 31 from Whitt and Thomas (2013). To our knowledge it is the first time 

this method is being used to interpret observational data. We define 𝜔𝑖 according to: 

𝜔𝑖
2 =  𝑁 2𝛾2 + 𝜔𝑚𝑖𝑛

2  2.3 

where 𝑁 2  =  −(
g

ρ0
)(

∂ρ

∂z
) is the local squared buoyancy frequency, with average density 𝜌0. 

While Eulerian frequency is conserved for internal waves propagating through a varying 

medium, intrinsic frequency is Doppler shifted by the horizontal and vertical shear, as defined 

by: 

𝜕

𝜕𝑟
𝜔𝑖 = −

𝜕

𝜕𝑟
(𝒌 ∙ 𝒖) 2.4 
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with wavenumber k = (𝑘, 𝑙, 𝑚), non-wave velocity u = (𝑢𝑎𝑙 , 𝑣𝑐𝑟 , 𝑤), and direction of wave 

travel 𝑟. The cross-stream and vertical components of velocity are negligible for the geostrophic 

flow, and we assume any gradients in the along-stream direction are negligible, similar to (Whitt 

and Thomas 2013; Kunze 1985). Patibandla et al. (2025) highlighted the importance of 

accounting for curvature of fronts in near-inertial wave propagation, but that effect is outside the 

scope of this study. The dispersion relationship developed by Kunze (1985) showed that the 

strain and shear of an axially symmetric flow only impact the wavenumber in the non-

homogeneous directions of the flow, so 𝑘 is constant. The Doppler shift along a ray is then: 

𝜕

𝜕𝑟
𝜔𝑖 = −𝑘(∇𝑢𝑎𝑙 ∙ 𝒓) 2.5 

where r is the unit vector in the along-ray direction. 

For our observed near-inertial wave, we only have a vertical profile of 𝜔𝑖 computed using 

Equation 3. Because of this, we can only account for Doppler shifting by vertical shear. 

Assuming that the horizontal wavenumber and direction of the flow remain constant, the change 

in 𝜔𝑖 due to vertical shear only can be written as: 
∂

∂z
(ωi) =  −kcos(φ)

∂

∂z
(𝑢𝑎𝑙), where 𝜑 is the 

angle between the near-inertial wave propagation and the flow. This version of the Doppler 

shifting equation is used in Section 2.4.1.2. 

2.3.3 Ray Tracing 

The position and wavevector of the near-inertial wave are governed by the equations, (Lighthill 

1978): 

𝜕𝒓

𝜕𝑡
= 𝒄𝑔 + 𝑢 2.6 

𝜕𝒌

𝜕𝑡
=  −∇𝜔𝑖 2.7 
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where c𝑔 = (𝑐𝑔𝑥 , 𝑐𝑔𝑦, 𝑐𝑔𝑧) is the group velocity of the wave. We adopt the ray tracing approach 

and software used by Whitt and Thomas (2013), with the addition of modifying 𝜔𝑖 at each time-

step according to Equation 2.5.  

This ray tracing method was developed using the WKB assumption that the scales of the 

wave are much smaller than scales on which the background flow field varies. This assumption 

is on tenuous footing in the case of a near-inertial wave in the Gulf Stream, especially in regards 

to its horizontal scale of 40 km computed in Section 2.4.1.2. The scale separation problem was 

also noted by Whitt and Thomas (2013) and Kunze (1985). Both of these authors used a ray 

tracing approach in similar conditions, and both compared their results to numerical solutions 

and found them to be in close agreement. Young and Jelloul (1997) predicted an 𝜔𝑚𝑖𝑛 shift due 

to mesoscale strain identical to that of Kunze (1985) without using WKB assumptions for spatial 

scale, instead relying on time scale separation. These authors did not take the effect of 

baroclinicity on 𝜔𝑚𝑖𝑛 into account. The dominance of the vortical effect on our 𝜔𝑚𝑖𝑛 spatial 

variation may salvage the validity of our ray tracing even in the case of narrow scale-separation. 

Regardless, many studies have demonstrated the usefulness of WKB theory beyond its formal 

validity bounds (Thomas et al. 2024b; Qu et al. 2021), and so we proceed cautiously. 

2.3.4 Kinetic Energy Dissipation Rate 

The microconductivity probes on our FCTD cannot directly measure the rate of kinetic 

energy dissipation, 𝜖. They are designed to measure small scale vertical variations in 

conductivity, which are then used to derive the rate of dissipation of temperature variance, 𝜒. 𝜖 

and 𝜒 are expected to be related for mechanically driven turbulence when stratification is 

dominated by temperature (Osborn and Cox 1972; Osborn 1980). We can leverage that 

relationship to compute 𝜖 from 𝜒 if we assume we are measuring isotropic steady-state 



32 

turbulence with constant mixing efficiency, and that within the turbulence there is a balance 

between shear production, buoyancy production and dissipation. Alford and Pinkel (2000) and 

Moum and Nash (2009) describe a method to compute 𝜖 from 𝜒 under these assumptions and 

taking into account the limited vertical resolution provided by a rapidly profiling instrument. 

They define 𝜖 in terms of 𝜒 as: 

𝜖𝜒 = (2Γ𝑐)
−1

𝑝+1 [
𝑔

𝜌0

𝜒̂

𝑁 2
(1 +  

1

𝑅𝜌
)]

1
𝑝+1

2.8 

where 𝑝 = −0.4 and 𝑐 = 5×10−5 are power law constants determined by the ratio of the theoretical 

Batchelor spectrum that is resolved for different values of 𝜖. 𝜒 is the temperature variance 

dissipation rate estimated from the part of the Batchelor spectrum that can be resolved by the 

available observations. Γ is the mixing efficiency, which we assume to be 0.2.  𝑅𝜌 =

 α(
∂T

∂z
) / β(

∂S

∂z
)  is the density ratio with temperature 𝑇, salinity 𝑆, α =  −1 ρ0 (

∂ρ

∂T
)  and β =

1

ρ
(

∂ρ

∂S
) , describing the tendency for the density gradient to be set by either temperature or salinity. 

Our FCTD transect has a mean 𝑅𝜌 of 6.7±0.012. The density gradient is controlled by 

temperature in 80% of the observed transect. The appendix of Alford and Pinkel (2000) does an 

excellent job of deriving Equation 8 if the reader is craving more detail. A similar method is used 

by Moum and Nash (2009) to compute 𝜖𝜒 from moored fast thermistor probes. 

2.3.5 Eliasen-Palm Flux 

Internal wave pseudomomentum flux, also called Eliassen-Palm flux, is the combination of 

momentum and buoyancy flux (Eliassen and Palm 1961). It is conserved in systems with at least 

one degree of spatial symmetry in the background velocity field, (Polzin 2010). 

Pseudomomentum flux is often used to diagnose wave-mean interaction in combination with the 
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non-acceleration theorem, which states that the divergence of pseudomomentum flux is zero only 

in the absence of dissipation and nonlinearity (Andrews and McIntyre 1976). The acceleration of 

the zonal mean flow is equal to the divergence of the first column of the Eliassen-Palm flux 

tensor (Bühler 2014): 

𝐹𝐸𝑃 =  [

0
𝑣̂𝑢̂

𝑢̂𝑤̂ −  
𝑓

𝑁 2
𝑏̂𝑣̂

] 2.9 

where hat quantities denote wave properties. 𝐹𝐸 𝑃 can be computed at every point along ray 

paths. The three components of 𝐹𝐸 𝑃 represent the flux of along-stream pseudomomentum in the 

x (along-stream), y (across-stream), and z (down) directions. The other 2 columns would give the 

fluxes of across-stream and vertical pseudomomentum, but those components do not address our 

question of momentum contributions to the along-stream velocity, so they are not included in 

this analysis. 

The acceleration of the zonal mean flow is then given by the divergence of (9): 

∇ ∙ 𝐹𝐸𝑃 =  
𝜕

𝜕𝑦
𝑣̂𝑢̂ +

𝜕

𝜕𝑧
(𝑢̂𝑤̂ −

𝑓

𝑁 2
𝑏̂𝑣̂) 2.9 

When the required wave properties are not available from observations, they are computed from 

the polarization relations for linear internal waves: 𝑤̂ =
𝑘

𝑚
𝑢̂, 𝑣̂ =

𝜔𝑚𝑖𝑛

𝜔𝑖

𝑚

𝑘
𝑤̂ , 𝑏̂ = 𝑁 2/𝜔𝑖𝑤̂. 

In this analysis we will compute upper bounds on mean flow acceleration by assuming 

that the internal wave is completely dissipated, corresponding to a complete divergence of 𝐹𝐸 𝑃. 

This divergence is assumed to be distributed evenly over the time, depth, and horizontal distance 

occupied by the ray between its second to last and last reflection points, as a proxy for the 

location of the critical layer. Dissipation is most likely to be concentrated in the critical layer, 



34 

where shear instability occurs. The mean value of 𝐹𝐸 𝑃 over the estimated critical layer domain is 

used to make acceleration estimates from ray tracing. 

2.4 Results 

2.4.1 Observed Near-Inertial Wave 

2.4.1.1 Wave Behavior 

 

Figure 2.3: Various contours of 𝜔𝑚𝑖𝑛 over [a] 𝜔𝑚𝑖𝑛/ 𝑓 , [b] cross-stream vertical shear, 𝑑𝑢𝑐𝑟 /𝑑𝑧 

[c] Inverse Richardson Number, 𝑅𝑖−1, and [d] kinetic energy dissipation rate, 𝜖𝜒. 25 km smoothed 

isopycnals in gray with 1026.5 and 1027.5 kg/m3 highlighted in black. The boxed domain 

between 30 km and 45 km is used for critical layer analysis in Section 2.4.1.2. 
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Examining the ratio 𝜔𝑚𝑖𝑛/𝑓 , we can predict the behavior of downward propagating near-

inertial waves, (Figure 2.3a). An internal wave is only able to propagate where 𝜔𝑖 ≥ 𝜔𝑚𝑖𝑛. 

Where 𝜔𝑚𝑖𝑛/𝑓 < 1, which only happens in the presence of vortical and baroclinic effects, waves 

can be generated at frequencies lower than 𝑓 . A region of low 𝜔𝑚𝑖𝑛/𝑓 is observed on the south 

side of the Gulf Stream, corresponding to the wall of negative vorticity associated with the jet. A 

near-inertial wave cannot propagate into a region where 𝜔𝑖 < 𝜔𝑚𝑖𝑛, so when it hits a boundary of 

𝜔𝑖 = 𝜔𝑚𝑖𝑛 it tries to reflect. If the 𝜔𝑚𝑖𝑛 contour is parallel to isopycnals then it cannot reflect, and 

becomes trapped. These conditions are indicative of a critical layer, (Kunze 1985). When a near-

inertial wave encounters a critical layer its group velocity goes to zero and its vertical 

wavenumber increases without bound. Narrowing of the vertical wavelength increases the 

probability for shear instability, triggering turbulent dissipation.  

The alternating layers of shear in Figure 3b are interpreted as a near-inertial wave. The 

wave’s shear is seen to be excluded from regions of high 𝜔𝑚𝑖𝑛 / 𝑓 . Clear and coherent shear 

layers extend from 30 km up until the boundaries drawn by the contours of 𝜔𝑚𝑖𝑛, and no further 

to the right. Upon closer inspection, the horizontal extent of the shear layers seems to be defined 

by contours of decreasing 𝜔𝑚𝑖𝑛 with depth, indicating that 𝜔𝑖 is decreasing with depth. This 

behavior is suggestive of Doppler shifting, the impact of which will be quantified in Section 

2.4.1.2. Contours of 𝜔𝑚𝑖𝑛 are parallel to isopycnals at several locations. If 𝜔𝑖 = 𝜔𝑚𝑖𝑛 at any of the 

locations, the conditions for a critical layer will be met, and shear instability and dissipation will 

be more likely.  

Shear instability occurs when shear overcomes stratification, leading to overturning and 

unstable density gradients. High values of inverse Richardson number, 𝑅𝑖−1 =  
(

∂𝑢𝑎𝑙
∂z

)
2

+(
∂ucr

∂z
)

2

𝑁2  , 
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predict favorable conditions for shear instability (Miles and Howard 1964). 𝑅𝑖−1 = 4 is 

commonly used as a diagnostic threshold allowing shear instability in numerical modeling 

studies. However, due to the 24-m depth resolution of our shipboard ADCP we don’t resolve 

enough of the shear variance at small scales to see 𝑅𝑖−1 = 4. Nevertheless, the ratio is still a good 

indicator of regions where shear instability is more likely. In Figure 2.3c, high 𝑅𝑖−1 corresponds 

in several locations to 𝜔𝑚𝑖𝑛 contours parallel to isopycnals. High 𝑅𝑖−1 values also correspond to 

regions of low stratification below the core of the Gulf Stream, which may not be indicative of 

internal wave dynamics. Elevated 𝑅𝑖−1 in the regions of strongest stratification and co-located 

with potential critical layer locations do suggest shear instability driven by the near-inertial 

wave. Critical layer locations also correspond to elevated 𝜖𝜒, suggesting that shear instability 

may be fueling dissipation, (Figure 2.3d). Regions of elevated 𝜖𝜒 also appear to be co-located 

with decreasing contours of 𝜔𝑚𝑖𝑛 with depth. 

 

Figure 2.4: [a] 𝜕𝑢𝑎𝑙 /𝜕𝑧 and [b] 𝜕𝑢𝑐𝑟 /𝜕𝑧 within critical layer domain in isopycnal coordinates. 
Contours of zero shear (white) and linear best fits to shear layers (black). Midpoints between 

zero contours for each profile are black squares. 
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2.4.1.2 Wave Properties 

Now that we have observed the wave behavior that is visible in the FCTD/ADCP 

transect, we can use the internal wave dispersion relation to quantify some other wave properties. 

In order to focus on the highly coherent shear layers, we use the boxed domain in Figure 2.3 to 

estimate 𝜔𝑖 for the observed near-inertial wave according to Equation 2.3. Converting observed 

shear to isopycnal space, we use a linear fit to the midpoints between zero contours to compute 

𝜔𝑖 from each coherent shear layer in a finite domain, (Figure 2.4). The centers of each shear 

layer, identified by black squares, are defined by the midpoints between zero contours for each 

profile.  

The average height of shear layers defined by these contours yields a domain average 

vertical wavenumber 𝑚 = 0.0419 1/m, corresponding to 150m vertical scales. A horizontal 

wavenumber of 𝑘 = 1.25×10−4 1/m, corresponding to a scale of 40 km, is computed by using 

domain-average values of 𝜔𝑚𝑖𝑛, 𝜔𝑖, 𝑚, and 𝑁2 in the dispersion relationship for linear internal 

waves, 𝜔𝑖
2 = 𝜔𝑚𝑖𝑛

2 +
𝑁2𝑘2

𝑚2 . 

 

Figure 2.5: [a] Example best fit shear ellipse, and [b] angles of semi-major axes for all best fit 

shear ellipses. Both options for the direction of propagation, 𝜙1 and 𝜙2 are shown. Dashed black 

contours are ±90°from along-stream, so angles within the dashed black lines are along-stream 

propagating while angles outside the dashed black lines have against-stream components.  
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Next, we estimate the horizontal direction of propagation using the angle of the semi-

major axis of the shear ellipses. An ellipse is fitted to the shear components of each profile in the 

boxed domain in Figure 2.3b, as shown in the sample ellipse from a single profile in Figure 2.5a. 

For each fitted ellipse there are two possible directions the wave could be traveling, 180° apart. 

We group the possible directions for each shear profile into the two options that maximize 

coherence between ellipses and their neighbors, (Figure 2.5b). The dashed lines show the 

average direction of travel, with 0° being the along-stream direction. The horizontal angle of 

propagation varies significantly across the 20 km of transect in our domain of focus, reflective of 

straining of the near-inertial wave by the strong horizontal and vertical shear of the mean flow. 

The shear/strain method of determining the near-inertial wave’s direction of travel used by 

Winkel (1998) and Alford and Gregg (2001) fully determines the direction of travel, but the 

strain signal was too noisy in our data to use that method. We can remove the 180° ambiguity by 

noting that 𝜔𝑖 decreases with depth according Equation 2.3: Geostrophic velocity decreases with 

depth over this domain, so Doppler shifting would decrease 𝜔𝑖 for a wave traveling against-

stream. With this in mind, we choose 𝜙1 = −100 ± 7.3° as the direction of propagation that 

matches the observed Doppler shift.  
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Figure 2.6: Profiles of along-stream (blue) and across-stream (red) velocity lowpassed at 600m 

vertical scales from within the domain in Figure 4. Best fit sine waves are plotted between 700 m 

and 1000 m. 

 
The amplitude of the wave can be estimated using the ADCP data, highpassed at 600m 

vertical scales to remove the geostrophic velocity signal, (Figure 2.6). Best fit sine waves to all 

ageostrophic velocity profiles within our domain are used to estimate the amplitude of the wave, 

𝑢̂ = 0.055 ± 2.1 × 10−4 m/s.  

 

Figure 2.7: [a] 𝜔𝑖 from shear layer angles (blue circles) with linear best fit (solid blue, with 

shaded error bar), 𝜔𝑖 that would be expected from Doppler shifting with angles 𝜙1 (thick black 

dashed) and 𝜙2 (red dashed), f (black dash-dotted), and 𝜔𝑚𝑖𝑛 (yellow), [b] vertical group speed, 

𝑐𝑔𝑧 (solid blue) and linear best fit (dashed blue) 
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The decrease in 𝜔𝑖 observed using Equation 2.3 is consistent with what would be 

expected from Doppler shifting using a mean direction of propagation 𝜙1 = −100 ± 7.3°, 

clockwise from along-stream (Figure 2.7). 𝜔𝑚𝑖𝑛 increases with depth in our domain while 𝜔𝑖 

decreases. The combined effects of Doppler shifting and the decrease in negative vorticity with 

depth in the baroclinic current lead to 𝜔𝑖 = 𝜔𝑚𝑖𝑛 at the bottom of our domain, (Figure 2.7a). This 

condition results in either a reflection or a critical layer, depending on the angle between the 

𝜔𝑚𝑖𝑛 contour and the isopycnals. Referring to Figure 2.3, we can see that the contour 𝜔𝑚𝑖𝑛 = 

1.215 cpd is parallel to isopycnals at 1000 m depth. The conditions for a critical layer are met at 

the bottom of the domain of interest. The vertical group velocity of the wave, 

𝑐𝑔𝑧 =
𝜔𝑖

2 − 𝜔𝑚𝑖𝑛
2

𝜔𝑖𝑚
2.11 

goes to zero at the bottom of the domain, supporting the existence of a critical layer. We 

compute horizontal group velocity using the aspect ratio of the wave: 

𝑐𝑔𝑦 = −𝑐𝑔𝑧 (
𝑚

𝑘
) 2.12 

Using both components of group velocity and assuming constant kinetic energy, 𝐾𝐸 =

 𝑢̂2 + 𝑣̂2, computed from our best fit velocity components, we compute the kinetic energy flux 

as 𝐹KE = cgy K E +  cgz K E. APE is negleted here, with the justification that KE ≥ 0.9APE 

everywhere in our domain as 𝜔𝑖 < 1.2𝜔𝑚𝑖𝑛, (Kunze et al. 1995).  

Kunze et al. (1995) noted that in the critical layer at the bottom of an eddy there was a 

balance between the divergence of kinetic energy flux and kinetic energy dissipation. Most of the 

energy delivered into the critical layer by the wave was consumed by dissipation, rather than 

being radiated away at other internal wave frequencies or being contributed to the mean flow. 

Alford et al. (2025) and Essink et al. (2022) observed a similar balance. We can compare the 
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divergence of kinetic energy flux over our domain to 𝜖𝜒 to assess the completeness of wave 

dissipation. The divergence of kinetic energy flux across our critical layer domain is computed 

as: 

𝜕𝐹𝐾𝐸

𝜕𝑟
=

𝜕

𝜕𝑦
(−𝑐𝑔𝑧 (

𝑚

𝑘
) 𝐾𝐸) +

𝜕

𝜕𝑧
(𝑐𝑔𝑧𝐾𝐸) 2.13 

Averaging over our critical layer domain, we find 
∂FKE

∂r
 /ρ0 = 1.9 × 10−8 ± 2.3 × 10−11 

W/kg and 𝜖𝜒 = 5.3 × 10−8 ± 4.4 × 10−9 W/kg. The close agreement between kinetic energy flux 

divergence and dissipation suggests that we could be observing a complete dissipation of the 

wave within the critical layer. It is possible that there are other sources of kinetic energy 

contributing to the observed dissipation, but the available kinetic energy dissipation does not rule 

out complete wave divergence. 

2.4.1.3 Wave Momentum Flux 

Using our observations, and leveraging the internal wave dispersion relationship, we have 

identified the wave properties: 𝑚 = 2𝜋/150 ± 2 1/m, 𝑘 = 2𝜋/40,000 ± 11,800 1/m, 𝜔𝑖 = 9.33 × 

10−5 ± 1.6 × 10−6 rad/s, and 𝑢̂  = 0.055 ± 2.1 × 10−4 m/s within our domain. Domain-averaged 

environmental conditions are: 𝑓 = 9.06 × 10−5 ± 4.89 × 10−10 rad/s, 𝑁2 = 1.95 × 10−5 ± 6.24 × 

10−8 rad2/s2, and 𝜔𝑚𝑖𝑛 = 8.45 × 10−5 ± 4.75 × 10−7 rad/s. As described in Section 2.3.5, we can 

use the polarization relations for linear internal waves to estimate the remaining variables needed 

to compute the Eliassen-Palm fluxes, 𝐹𝐸 𝑃, using Equation 9. We find 𝑤̂ =
𝑘

𝑚
𝑢̂ = 2.06 × 10−4 

m/s; 𝑣̂ =
𝜔𝑚𝑖𝑛

𝜔𝑖

𝑚

𝑘
𝑤̂ = 0.0491 m/s; and 𝑏̂ =

𝑁2

𝜔𝑖
𝑤̂ = 4.31 × 10−5 m/s. The observed wave properties 

and environmental parameters result in 𝐹𝐸 𝑃 = [0, 0.0027, 1.5089 × 10−6] m2/s2. If this flux 

diverged completely in the 500 m vertical scale of its critical layer and 44 km over which its 

shear energy is observed during half of its 12 day transit time, chosen because the critical layer 
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domain covers half of the total vertical transit, it would result in a local mean flow reduction of 

0.0334 m/s. This constitutes a 13% reduction of the 0.5 m/s flow speed at 1000 m depth. Because 

it corresponds to a complete flux divergence and assumes the wave is traveling entirely against-

stream, this represents the upper bound of the theoretical flow deceleration by a wave with the 

observed parameters. In the next section we will use ray tracing to generalize this result by 

modeling near-inertial waves that could be generated by the range of 10 m height wind speeds 

for 2023 in ERA5 reanalysis data, (Hersbach et al. 2020). 

2.4.2 Ray Tracing 

Ray tracing is used to explore the parameter space of near-inertial waves with varied 𝜔𝑖 

and 𝑢̂ traveling either along or against the Gulf Stream. Theoretical waves are tested with 𝜔𝑖 

ranging from 0.8 𝑓 to 1.2 𝑓 (1 cpd to 1.5 cpd), starting positions varying along the south side of 

the observed Gulf Stream transect, and initial 𝑢̂  from 0.05 m/s to 0.30 m/s. Near-inertial waves 

generated at the local inertial frequency must travel south in the absence of vorticity (Garrett 

2001; Alford et al. 2016). Rays are able to travel northbound here because they are above the 

minimum frequency and have not hit their turning latitude. The chosen parameter space for 𝜔𝑖 is 

based on possible frequencies at generation and the influence of the mesoscale on the likely 

range of propagation after generation, discussed further in Section 2.5.1. The range of initial 𝑢̂  

corresponds to the range of inertial current amplitudes predicted by a slab model forced by 

ERA5 reanalysis 10 m wind data for 2023. The distribution of wind speeds and 𝑢̂  are shown in 

Figures 2.10a and 2.10b.  

For each initial 𝜔𝑖, starting position, and initial 𝑢̂, one wave is tested with Doppler 

shifting assuming it is traveling entirely along-stream and one entirely against-stream. These are 

meant to be upper and lower limits on what Doppler shifting can do to the ray path and 𝐹𝐸 𝑃. As 
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the ray is also moving in the cross-stream direction through the observed transect, it could never 

actually be propagating entirely along or against the flow.  

 

Figure 2.8: [a] Sample rays at 𝜔𝑖 = 1.2 cpd, with Doppler shifting assuming fully against-stream 

(blue) or along-stream (red) propagation. Critical layers indicated by black diamonds. [b] and [c] 

show 𝜔𝑚𝑖𝑛 and 𝜔𝑖 vs depth for against-stream and along-stream rays respectively, computed at 

each position along the ray paths. 

 

Example rays with initial 𝜔𝑖 = 1.2 cpd and 𝑢̂  = 0.05 m/s can help us understand the 

behavior expected from each theoretical wave, Figure 8. The first two ray locations from the left 

cannot start because their initial frequency, 𝜔𝑖 = 1.2 cpd, is below the local 𝜔𝑚𝑖𝑛. These rays 

would have started from 1 km and 16 km. The behavior of the rest of the waves can be 

understood by combining the effects of Doppler shifting on 𝜔𝑖 and vorticity on 𝜔𝑚𝑖𝑛, (Figure 

2.8b and 2.8c).  

In a current with positive shear, a wave traveling along-stream will have its frequency 

shifted higher, while a wave traveling against-stream will have its frequency shifted lower. The 

Gulf Stream has a sub-surface maximum in geostrophic velocity south of its core at around 200-

m depth, meaning the shear is negative at the top of the water column. This geometry is seen in 

our observations, as well as other studies with more transects taken in all seasons (Andres et al. 
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2020). Within this negative vertical shear, the along-stream waves have their frequencies shifted 

down. They quickly hit the condition 𝜔𝑖 = 𝜔𝑚𝑖𝑛, and their group speeds drop to zero. At this 

point the waves try to reflect. If the 𝜔𝑚𝑖𝑛 contour were parallel to isopycnals then the group 

speed would be zero on both characteristics and the wave would be unable to reflect away, 

signaling a critical layer. Because this is not the case, the along-stream waves reflect away soon 

after starting and propagate off the page, 𝜔𝑖 shifting up all the way. The against-stream rays 

initially have 𝜔𝑖 shifted up, and do not hit the condition 𝜔𝑖 = 𝜔𝑚𝑖𝑛 until they are well into the 

Gulf Stream core. Most of them reflect at least twice before hitting critical layers indicated by 

black diamonds, (Figure 2.8a).  

 

Figure 2.9: [a] 𝜔𝑚𝑖𝑛/ 𝑓 with isopycnals in gray. Red dots show locations of critical layers with 

their color representing the velocity removed from the mean flow by each ray during its transit. 

 
Considering the complete parameter space of modeled rays, we find that only against-

stream rays result in critical layers. All of the critical layers fall along the sharp transition 

between positive and negative vorticity beneath the core of the Gulf Stream, where 𝜔𝑚𝑖𝑛 goes 

from greater than 𝑓 to less than 𝑓 . Although they are not shown, rays initially propagating south 
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from the same locations, i.e. starting on the other characteristic, showed similar results. The 

spatial pattern of critical layers is consistent with many of the locations where 𝜔𝑚𝑖𝑛 contours are 

parallel to isopycnals in Figure 2.3, which represent a small subset of 𝜔𝑚𝑖𝑛 contours. The critical 

layer locations for rays with initial 𝑢̂,  = 0.05 m/s and all frequencies are plotted in Figure 9, with 

colors corresponding to the mean-flow velocity that would be lost due to near-inertial wave drag.  

𝐹𝐸 𝑃 is computed for each ray from Equation 2.9, and is assumed to diverge completely 

across the time and vertical distance between the last and second to last reflection, representative 

of the ray’s critical layer height. The region of the dissipation is assumed to be the entire 

horizontal extent of the ray path, similar to the horizontal wavenumber in our observations. 

Waves with initial  𝑢̂ = 0.05 m/s cause decreases in mean flow velocity up to 0.033 m/s, 

consistent with the estimate from the observed wave. Critical layer locations follow a similar 

spatial distribution for waves of other initial 𝑢̂.  

 

Figure 2.10: Probability density functions of [a] wind speed and [b] inertial currents predicted 

by a slab model forced with 2023 ERA 5 reanalysis 10-m height wind data at 64°W and 39°N. 
[c] Velocity removed from the mean flow according to ray tracing estimates of [d] near-inertial 

wave drag. 
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The local Gulf Stream velocity loss and corresponding near-inertial wave drag across the 

entire ray tracing parameter space is considered next, averaging across ray starting locations for 

each initial 𝑢̂,  and 𝜔𝑖. The distribution of wind data and slab model inertial current amplitudes 

come from 2023 10 m height ERA5 reanalysis data at 64°W and 39°N, (Figure 2.10a and 2.10b). 

Wind speeds were most often between 5 and 10 m/s during 2023, but several storm events saw 

wind speeds above 20 m/s. The wind event 12 days before our observations was one of these 

occasions, with a maximum wind speed of 22 m/s. Despite this strong forcing, we see a wave 

amplitude of only 0.05m/s at the time of our observations, indicating that some KE may have 

been lost over the wave’s 12 day transit. Near-inertial wave drag is larger for waves of increasing 

initial 𝜔𝑖 and 𝑢̂, (Figures 2.10c and 2.10d). Extreme events that force wave amplitudes of 𝑢̂,  = 

0.30 m/s could cause local velocity loss of 0.8 m/s if the wave diverged completely, was oriented 

entirely against-stream, and had a very super-inertial frequency of 1.2 𝑓. This combination of 

factors is very unlikely, as discussed further in Section 2.5.1. An initial wave amplitude of 𝑢̂,  = 

0.30 m/s represents the most extreme forcing event that we see in the record for 2023. The most 

likely near-inertial wave events are found in the lower left corner of Figure 2.10, representing 

waves with initial 𝑢̂= 0.05 m/s and 𝜔𝑖 ≤ 𝑓 , which could have been locally generated on a day 

with average wind speeds in 2023. The upper bound of near-inertial wave drag on these days is 

0.01 N/m2, corresponding to velocity loss of 3.3 cm/s. We compare the magnitude of near-

inertial wave drag to other sources of drag on the Gulf Stream in Section 2.5.3. 
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2.5 Discussion 

2.5.1 Intrinsic Frequency Parameter Space 

The parameter space of initial 𝑢̂ used for our ray tracing study was determined by the distribution 

of wind forcing seen in 2023, (Figure 2.10a and 2.10b). A range of possible initial 𝜔𝑖 is a little bit 

harder to constrain. No rays are capable of starting with 𝜔𝑖 < 1 cpd based on the range of 𝜔𝑚𝑖𝑛, 

so that sets our lower bound. The geometry and statistical path of the Gulf Stream can shed some 

light on how likely it is for a near-inertial wave of any initial 𝜔𝑖 > 1 cpd to propagate into the 

core. In the absence of advection or modification by geostrophic currents, near-inertial waves 

propagate equatorward, toward the direction of lowering 𝜔𝑚𝑖𝑛. As they propagate down the 

gradient of 𝜔𝑚𝑖𝑛 they become more super-inertial relative to the local inertial frequency. To be 

able to propagate through the wall of positive vorticity from the north, a near-inertial wave 

would have to be at 1.2 𝑓 or higher. Barring any vorticity effects, it would have to come from 

above latitude 48.38° N, almost 10° and over 1000 km north of the average latitude of our 

transect. The North Atlantic only extends up to 44° N at this longitude before running into Nova 

Scotia, so the wave would also have had to propagate westward. We tested waves of initial 𝜔𝑖 

from 0.8 𝑓 to 1.2 𝑓 . The Gulf Stream has an average meander amplitude of 90 km at the 

longitude of our transect, which is only enough to advect a near-inertial wave south by 0.81°, 

(Lee and Cornillon 1996). Given that the average path of the Gulf Stream moves northward 

about 13 km for every 100 km along its path in this region, it is more likely for waves to be 

advected northward than southward. These factors combine to indicate that near-inertial waves 

trapped in the Gulf Stream core are more likely to have initial 𝜔𝑖 < 𝑓 .  
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However, the geometric considerations above do not take vorticity effects into account. If 

anear-inertial wave is generated locally within a region of 𝜔𝑚𝑖𝑛 > 𝑓 it can have 𝜔𝑖 > 𝑓 . 

Considering the complex field of eddies surrounding the Gulf Stream, of both positive and 

negative vorticity, a wide envelope of initial 𝜔𝑖 is possible. This field of eddies also complicates 

the path of any near-inertial wave that might propagate into the Gulf Stream from a remote 

location. Due to the synoptic nature of the wind event 12 days before our observations, it seems 

most likely that the wave was generated locally. A locally generated wave would have 𝜔𝑖 < 1.2 𝑓 

at its generation, so it would be excluded from the north side of the Gulf Stream as is observed in 

the ADCP transect, (Figure 2.3). All of the complications discussed here lead to a high level of 

uncertainty in the initial 𝜔𝑖 of the wave we observed, and of the parameter space for waves that 

are likely to interact with the Gulf Stream in general. If we are ever to parameterize near-inertial 

wave drag in coupled ocean-climate models, this parameter space should be investigated further. 

2.5.2 Implications for the Internal Wave Field 

Kunze (1985) observed in their ray tracing study that near-inertial waves that propagate 

through the Gulf Stream are focused into beam-like paths, leading to a highly anisotropic internal 

wave field surrounding the Gulf Stream, and similar fronts. Other studies have similarly focused 

on the distortion of the internal wave field around fronts and mesoscale features, (Lee and 

Eriksen 1997; Duda and Cox 1987; Polzin 2008; Nagai et al. 2015; Rainville and Pinkel 2004; 

Alford et al. 2013). Many parameterizations of internal waves rely on assumptions of isotropy 

that are complicated by interactions with strong mean flows. Doppler shifting and 𝜔𝑚𝑖𝑛 alteration 

by mesoscale shear and strain play an important role in the distribution of internal wave energy 

in the North Atlantic. Whalen et al. (2012) found an excess of internal-wave-driven mixing at 

mid-latitudes, underlying winter storm tracks and co-located with complex mesoscale structures. 
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The Gulf Stream and eddies are both associated with strong positive vertical shear below their 

velocity maxima, which suggests that Doppler shifting should play an important role in setting 

the distribution of internal wave energy originating from the surface. Along-stream rays shown 

in Figure 2.8 do not reach critical layers but instead propagate off the page into the ocean 

interior. These rays quickly have their 𝜔𝑖 shifted higher as they propagate down through the 

positive shear, filling the internal wave continuum in the ocean interior with energy above the 

forcing frequency. The implications of Doppler shifting by the mesoscale should be appreciated 

not only for the immediate impact of momentum deposition in local critical layers, but for the 

up-frequency cascade of kinetic energy. Many studies have focused on the impact of wave-

mesoscale interactions on the kinetic energy cascade, (Savage et al. 2025; Tedesco et al. 2023; 

Barkan et al. 2021). Mechanisms considered here could play an important role in that cascade, 

alongside the often implicated nonlinear wave-wave interactions. 

2.5.3 Implications for the Zonal Momentum Budget 

The wave-mean interaction mechanism studied here has long been known by atmospheric 

scientists as an important contributor to atmospheric zonal momentum budgets, (Andrews and 

McIntyre 1976; Bühler and McIntyre 1999). Internal wave momentum deposition at inertial 

levels is incorporated into weather predictions and climate models in the form of a parameterized 

wave-drag (Achatz et al. 2024; Kim et al. 2003; McFarlane 1987; Bühler 2014). The same is not 

yet true for ocean models. Recent ocean studies have modeled the wave-mean momentum flux 

driven by topographically generated internal tides, but this is the first study we are aware of to 

highlight the contribution of wind-driven near-inertial waves to mesoscale momentum budgets. 

The magnitude of the wave-drag we compute is similar to the pseudomomentum 

divergences forced by internal tides. Shakespeare and Hogg (2019) computed the divergence of 
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vertical flux of zonal pseudomomentum to be ±0.02 N/m2, similar to the 0.0344 N/m2 

contribution to our wave-drag from the vertical flux of zonal momentum for initial 𝜔𝑖 = 1.2. 

Pinkel et al. (2012) estimated an Eliassen-Palm flux divergence of 0.1025 N/m2 from an internal 

tide with 𝑢̂   = 0.50 m/s amplitude, similar to the possible 𝐹𝐸 𝑃 divergence we report for sub-

inertial waves of amplitude 𝑢̂  = 0.20 to 0.25 m/s. The magnitude of the upper bound of near-

inertial wave drag is comparable to other contributors to Gulf Stream momentum and drag. Gula 

et al. (2015) report a form drag generated as the Gulf Stream runs over the Charleston Bump 

with a magnitude of 0.3 N/m2. Surface wind stress and turbulent bottom stress in the same area 

have magnitudes of approximately 0.05 N/m2. de Marez et al. (2020) investigate the impact of 

lee waves generated by the same topographic feature and find that the waves exert a drag of 0.2 

N/m2 on the current, decreasing the local velocity by 20 cm/s. Similar to topographic features, 

near-inertial waves are spatially sporadic. Unlike topography they are also temporally sporadic, 

which further complicates the task of parameterizing their impact on the Gulf Stream momentum 

budget. Renault et al. (2023) emphasize the importance of including a parameterized drag at the 

ocean surface to prevent modeled Gulf Streams from becoming too sensitive to bottom drag, 

especially when considering energy pathways in eddy-rich simulations. The near-inertial wave 

drag introduced here acts below the surface, distributed across the upper 1000 m, so representing 

it may play an important role in accurately modeling Gulf Stream dynamics.  

The importance of eddy-momentum fluxes for the Gulf Stream is well studied, and even 

diagnosed using a form of the Eliassen-Palm flux we use in this study (Uchida et al. 2022). 

Zonally averaged, the eddy-momentum flux magnitude of approximately 0.1 N/m2 is found to be 

similar to that of the 
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wind stress (Greatbatch et al. 2010). A zonal average of the near-inertial wave drag would 

depend on the spatial and temporal distribution of the wind forcing. This distribution may change 

as the mid-latitude storm track becomes more energetic under climate change, introducing the 

potential for a complex feedback mechanism. Given the increasingly recognized importance of 

the Gulf Stream and Kuroshio recirculation currents in climate modeling, quantification of near-

inertial wave drag warrants further investigation, towards model parameterizations. 

2.6 Conclusions 

We have shown using an observational case study, and demonstrated with ray tracing, 

that against-stream propagating near-inertial waves are Doppler shifted to critical layers when 

they interact with the shear and strain structure of the Gulf Stream. Using an FCTD/ADCP 

transect of a near-inertial wave in the Gulf Stream, we showed 𝜔𝑖 decreasing at a rate consistent 

with Doppler shifting by vertical shear until it reaches locations where 𝜔𝑖 = 𝜔𝑚𝑖𝑛 and 𝜔𝑚𝑖𝑛 

contours are parallel to isopycnals. We show that 𝑐𝑔𝑧 goes to zero in these locations, consistent 

with critical layer behavior, and that they are co-located with elevated 𝜖𝜒 and elevated 𝑅𝑖−1. 

These combined factors point toward shear-driven dissipation in a critical layer. Total against-

stream divergence of the observed near-inertial wave within its critical layer would lead to local 

velocity loss of 0.03 m/s.  

Behavior of our observed near-inertial wave is consistent with that of simulated near-

inertial rays. We use ray tracing to explore the mechanism of wave-drag associated with inertial 

critical layers in the Gulf Stream core. Similar to previous ray tracing studies, (Kunze 1985; 

Olbers 1981), we find that only near-inertial waves propagating against-stream encounter critical 

layers, leading to a preferential deposition of momentum against the current. Upper bounds on 

the magnitude of near-inertial wave drag lead to velocity reductions of up to 0.45 m/s for sub-
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inertial waves. It would be useful for future studies to better constrain the parameter space of 𝜔𝑖, 

as we find near-inertial wave drag to be highly sensitive to this initial condition. Such future 

studies could work towards a parameterization of near-inertial wave drag on oceanic zonal jets 

similar to those implemented in the atmosphere for weather prediction and climate modeling. 

The impact of near-inertial wave drag on the transport of heat and other tracers by the Gulf 

Stream is potentially significant, and warrants further investigation. 
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Chapter 3 : Polymer Shear Probes for Durable Ocean 

Turbulence Sensing 

3.1 Introduction 

The dissipation of kinetic energy plays a key role in ocean mixing and kinetic energy 

budgets (Munk and Wunsch 1998; Waterhouse et al. 2014), which influence the overturning 

circulation and climate on regional and global scales (Melet 2022). Kinetic energy dissipation, 𝜖, 

is driven by a variety of processes that transfer kinetic energy from internal waves, 

submesoscales, and other larger scale motions to the meter scales of 3D turbulence and 

eventually to the centimeter scales at which viscosity converts kinetic energy to heat and 

potential energy. This conversion of energy to smaller scales and eventual mixing and dissipation 

is sometimes referred to as the forward kinetic energy cascade. When we measure 𝜖 we are 

observing the last step in this process. Because it is driven by such a diverse array of processes, 

turbulence is spatially and temporally patchy (MacKinnon et al. 2017). Its patchiness and small 

scales make ocean turbulence difficult to observe, alongside all of the other difficulties of ocean 

observing such as high pressures and saltwater intrusion.  

Despite the challenges, ocean turbulence observation is becoming increasingly important 

to the ocean science community. Le Boyer et al. (2023) suggest the introduction of turbulent 

diapycnal fluxes, which depend on 𝜖, as an essential ocean variable. This distinction signals the 

importance of observing 𝜖 using standardized, robust, and accessible platforms. Thus far, ocean 

turbulence sensing has been available only to a handful of highly specialized labs who have the 

capacity to make their own microstructure instruments (Le Boyer et al. 2021; Moum and Nash 



54 

2009; Gregg 1999), or those that can afford to buy microstructure observing platforms off the 

shelf. In order to reach their full potential as an essential ocean variable, turbulent diapycnal 

fluxes should be observable from long term autonomous networks like ARGO or GO-SHIP 

(Roemmich et al. 2019). Integration in such programs requires that sensors be durable for 

handling and deployment by non-experts.  

Historical and contemporary sensing of 𝜖 is achieved by shear probes using piezo-

ceramic sensing elements which are exceedingly fragile, (Siddon 1971; Oakey 1977; Lueck et al. 

2002). Here, we introduce a new design for a shear probe sensing element made of the flexible 

piezo-polymer polyvinylidene fluoride (PVDF). Piezo materials are distinguished by their ability 

to convert a mechanical deformation into an electrical response signal, and vice versa. They are 

commonly used as acoustic transponders and strain gauges, with shear probes being closer to the 

latter. Shear probes work by sensing the pressure perturbations generated by changes in the 

surrounding fluid velocity. Their design will be discussed in detail in Section 3.2. By replacing 

the ceramic, lead zirconate titanate (PZT), sensing element with a polymer we have made a shear 

probe that is more resilient to the shock loading which is sometimes encountered during handling 

and deployment at sea. Traditional probes can be broken by tapping gently against a surface or 

impacts with fish or inanimate objects during profiling. The sensitivity of the PVDF probes is 

lower than conventional PZT probes, but is high enough to sense turbulence above the noise 

floor of the instrument, as seen in an ocean test off the coast of La Jolla in San Diego. We 

believe that future investigation into the efficacy of piezo-polymer shear probes is warranted 

following this proof-of-concept demonstration. In Section 3.2 we will detail the design parameter 

space and manufacturing process; in Section 3.3 we will show the results of calibration, pool and 

ocean tests; and in Section 3.4 we will conclude with future recommendations and impacts. 
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3.2: Design and Manufacturing 

3.2.1: Historical Shear Probe Design 

Due to its random nature, turbulent flow is very difficult to describe in a useful way with 

the same equations of motion we use to describe more predictable fluid flows. Subsequently, the 

fields of physics and engineering have developed a statistical approach to the description of 

turbulent fluid flows (Kundu and Cohen 2010). One of the assumptions of this statistical 

description is that the amount of energy supplied to the scales of motion where 3D turbulence 

occurs is balanced by the amount of energy being removed by viscous dissipation. The power of 

this assumption is that by estimating the energy level of the velocity or shear spectrum of 3D 

motion we can estimate the rate of kinetic energy dissipation: 

𝜖 =
15

2
𝜈

𝜕𝑢2

𝜕𝑧

̅̅ ̅̅ ̅
 3.1 

where 𝜈 = 1 × 10−6 m s−1 is the viscosity of water and 𝜕𝑢/𝜕𝑧 is the change in horizontal velocity 

with depth, or vertical shear. Shear probes measure vertical shear and then we fit the spectrum to 

a universal curve referred to as the Nasmyth spectrum to estimate 𝜖. An example of this curve 

fitting will be shown in Section 3.3.2. 
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Figure 3.1: [a] Force diagram depicting low angle fluid flow over a falling shear probe. [b] Axes 

for polarization of a piezo-material. A 3-1 mode piezo-material would produce a voltage 
potential across the 3 axis when stretched in the 1 axis. [c] A cartoon bimorph design. It is 

sensitive to bending but insensitive to normal force. 

 
Small-scale shear is directly observed by relating the electrical signal from the sensing 

element to the pressure exerted on the probe by the fluid flow. The first airfoil probe was used to 

measure turbulence in a wind tunnel rather than in the ocean (Siddon 1971). The core concepts 

remains the same for our shear probes today. They leverage the linear relationship between the 

lift force exerted on an airfoil and the angle of attack of the oncoming fluid, depicted in the force 

diagram in Figure 3.1a. 

The lift force can be expressed as: 

𝐿 = 𝑞𝐴
𝜕𝐶𝐿

𝜕𝛼

𝑢

𝑈𝑡𝑜𝑡𝑎𝑙
 3.2

where A is the effective probe area, 𝑑𝐶L/𝑑𝛼 is the lift slope, u is the magnitude of the horizontal 

component of velocity, and 𝑈𝑡𝑜𝑡𝑎𝑙 is the magnitude of the total velocity. 𝑞 = 1/2 𝜌𝑤2 is the 

dynamic pressure, with fluid density 𝜌 and vertical velocity 𝑤. The vertical velocity is 

approximately equal to the fall rate of the vehicle. Assuming small angles of attack, (𝛼 ≤ 5°), and 
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spatial scales of turbulence that are much greater than the foil diameter, (𝑑𝑚𝑎𝑥 = 𝜆𝑚𝑖𝑛/4), 

Equation 2 can be simplified to 𝐿 = 𝑞(𝑢/𝑤). After calibration, the electrical signal (𝐸0) received 

from the pressure sensor is linearly related to the angle of attack: 

𝐸0 = 𝑆𝑣𝑞
𝑢

𝑤
 3.3 

where 𝑆𝑣 is a sensitivity constant. Osborn (1974) modified the airfoil probe design to 

measure turbulence in the ocean. Many of the considerations remain the same across both 

designs. The sensor must 1) have a frequency response compatible with the dominant spectral 

content of the turbulence, 2) occupy a volume much smaller than the characteristic wavelength 

of the turbulence, 3) offer sufficient sensitivity for a good signal-to-noise ratio, and 4) be 

insensitive to noise from vibration and temperature fluctuation. 

Gregg (1999) points out that the range of turbulence that can be measured by a shear 

probe is limited by the size of the probe and the noise floor of the instrument carrying it. As 

turbulence becomes more energetic it is characterized by smaller scales of motion, so the ability 

of the probe to resolve high values of 𝜖 is limited by its diameter. The ability to measure low 

values of 𝜖 depends on the instrument being able to register small velocity signals above its noise 

floor, which depends on 𝑆𝑣.  

Expressing Equation 3.3 in terms of the time signal of velocity change, 𝜕𝑢/𝜕𝑡 = 

𝑤(𝜕𝑢/𝜕𝑧) and using Equation 3.1 we can write an expression for the voltage output in terms of 𝜖. 

𝐸0 = 𝑆𝑣 (
𝑤 2

2𝑔
) √

2

15𝜈
𝜖 3.4 

The voltage signal expected from any given shear probe can now be computed for a 

range of 𝜖 if its sensitivity is known. In Section 2.2 we will predict the sensitivity of a PVDF 
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shear probe using a first principles model, and in Section 3.1 we will report the sensitivities we 

found in MOD’s specially designed calibration tank.  

The sensor within a shear probe is made from a piezo material. Piezo-materials produce 

an electric charge in response to mechanical deformation, and vice versa. The piezo-material is 

polarized to maximize response across a specific axis (Figure 3.1b). For example, the piezo 

sensors in our shear probes are 3-1 polarized, meaning a deformation in the 1 axis leads to a 

voltage potential across the 3 axis. Polarization amplifies the response across the desired axis to 

the desired force, but doesn’t eliminate the response of other axes entirely. To cancel the signal 

from forces normal to the probe tip, or changes in the oncoming velocity, the sensors are 

constructed in a bimorph configuration (Figure 1c). The bimorph design makes the probe 

insensitive to the normal velocity component and doubles the signal of the horizontal velocity 

component normal to its active axis. Any change in the oncoming velocity will cause a negative 

voltage across one side of the probe and a positive charge across the opposing side, resulting in a 

net zero voltage. A change in the horizontal velocity, however, will result in the stretching of one 

half and the compression of the other, yielding a doubled net voltage.  

The shear probe design has remained largely unchanged since Osborn (1974) adapted it 

for ocean turbulence. It has been reproduced in slightly different dimensions by a handful of labs 

and companies (Gregg 1999; Moum and Nash 2009; Le Boyer et al. 2021) and for a multitude of 

different vehicles (Lueck et al. 2002), but the airfoil design with a piezo-ceramic bimorph sensor 

has never changed. The reason we are proposing an alternative now is not due to any failure of 

the traditional shear probe to measure turbulence. Rather, we seek to expand its usefulness 

outside the hands of the highly specialized experts who currently manufacture and deploy it. A 
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polymer, rather than a ceramic, sensing element will be more conducive to deployments by non-

experts. 

 

3.2.2: Modelled Design Parameter Space 

Before detailing the design of our PVDF shear probe, we explore the design parameter 

space using a first-principles model. We start by predicting the lift force on the probe tip using 

potential flow modeling, then compute the internal stresses using a beam-bending analysis, and 

finally convert these internal stresses to a voltage potential using the sensitivity information 

available for PVDF (MeasurementSpecialtiesInc 1999).  

 

Figure 3.2: [a] Shear probe geometry with 10 potential depths at which to embed a PVDF film 

shown in color. [b] Lift force exerted on the outside of the probe by 0.65m/s oncoming flow at 5° 
angle of attack. [c] Bending stress and [d] Shear stress exerted at each potential PVDF film 

depth. [e] Voltage output for each potential film depth and polarization, [f] Sensitivity of probe 

for varying film depths, after selecting the 3-1 mode and running a simulated calibration. 
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First, we approximate the probe as a thin symmetric airfoil (NACA 0015), with a range 

of possible depths at which to place a thin film of PVDF, (Figure 2a). Next, we use a potential 

flow analysis to predict the force exerted on the probe tip by oncoming seawater at 0.65m/s, the 

average fall rate of the MOD lab’s epsilometer (Le Boyer et al. 2021). Flow around a thin airfoil 

at low angle of attack can be modeled by a vortex sheet within a uniform flow (Anderson 2011). 

The pressure contours predicted by this simulation show high pressure on the side closest to the 

oncoming flow and low pressure on the opposite side, as expected. By integrating the predicted 

pressure distribution over the area of the probe tip, assuming axial symmetry, we estimate the 

force exerted on the probe, (Figure 3.2b).  

The internal stresses are computed as a function of depth and lengthwise position, using 

the force distribution computed above and approximating the probe tip as a cantilevered beam. 

The internal stress in the cross-probe direction, shear stress, would be best captured in the 3-1 

mode of a piezo-film, while stress in the along-probe direction, bending stress, would be 

captured by the 3-3 mode. The shear force and bending moment are used to compute the shear 

stress and bending stress for a range of piezo depth options, (Figure 3.2c and 3.2d).  

The stresses experienced by the PVDF layer and the reported piezoelectric constant are 

used to compute the voltage potential across the simulated bimorph beam. The units of the 

piezoelectric constant are 
V

m
 / 

𝑁

𝑚
 , signifying voltage per meter of piezo thickness divided by 

pressure applied to relevant area. The relevant area depends upon which mode is being 

considered. For the 3-3 mode, the area is the larger flat face of the PVDF film. For the 3-1 mode, 

the area across which the stress is being distributed is the cross section of the PVDF film, (Figure 

3.1b).  
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Predicted voltage output is shown to be greatest for a PVDF film closer to the skin of the 

probe, and activated by the 3-1 mode, (Figure 3.2e). Next we run a simulated calibration to 

assess the potential sensitivity of different geometries. Adopting the 3-1 mode, we run each 

simulated 

geometry through a range of angles of attack to compute sensitivity in V/m (Figure 3.2f). This 

process is the modeled equivalent of the calibration tank used by the MOD lab for our home built 

shear probes, which will be described in Section 3.5. For reference, the typical sensitivity for one 

of MOD’s shear probes is 35-45 V/m Le Boyer et al. (2021). The sensitivity predicted by our 

first principles model for a 2 layer PVDF probe is 2.5 V/m, 16x lower than the sensitivity for a 

traditional probe. It should be noted that this model was run assuming only one layer of PVDF 

on each side of the bimorph beam. Sensitivity in our final design is increased by adding layers of 

PVDF to each side, wired in parallel.  

Before summarizing the takeaways of our design space model, we remind the reader of 

the assumptions involved. We used potential flow theory to compute the forcing, which assumes 

inviscid, incompressible, irrotational flow, and we assumed a small angle of attack and attached 

flow. The beam bending approximation assumes small angle deformation. With these 

assumptions in mind, some lessons can be taken away from the model. Internal stresses are 

maximized at the fixed end of the probe. The 3-1 mode experiences an order of magnitude 

greater activation stress in our configuration, so it makes sense to select a 3-1 polarized PVDF 

film. Sensitivity is maximized by positioning the PVDF layers as far as possible away from the 

center axis of the probe. These lessons were used to inform the design described in the following 

section. 
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3.2.3: Manufacturing Method 

The design presented here features 8 layers of 28𝜇m PVDF, with 4 layers of PVDF on 

each side of a 1 mm thick silicone divider forming a bimorph beam. The manufacturing process 

detailed in this section was designed for iterative prototyping.  

 

Figure 3.3: [a] A wiring diagram, showing the two sides of the bimorph beam wired in parallel 
to maximize capacitance [b] The two steps of the laser cutting process needed to make a kapton 

stencil. 

 
We start with a 200 mm by 280 mm sheet of PVDF manufactured by PolyK, with silver 

electrodes screen printed on either side across the entire sheet. Cutting directly through the sheet 

would pinch the silver electrodes together causing a short, so the first step is to etch around the 

desired shape with acetone, removing the surrounding silver. To define the shape of the PVDF 

leaves we use a two step laser cutting process to make a kapton tape stencil, (Figure 3.3b). The 

first step cuts a platform into a tape backing material that will hold each kapton leaf in a fixed 

position while revealing the sticky side in the middle. Then 2 layers of 0.0015” kapton tape are 

applied, being careful not to move the backing strip in between laser cutting steps. The second 

step cuts the shape of the PVDF leaves without cutting the backing behind it. Very low power 

and precise focus are necessary for the laser cutter to fully cut through the tape, but not the 
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backing. Narrow strips on the bottom of the set of four kapton leaves fan out so that they can all 

be accessed on a flat plane for soldering in parallel, maximizing capacitance (Figure 3.3a). The 

signal is measured through a charge-amp circuit, so higher capacitance yields the strongest 

possible signal. 

 

Figure 3.4: [a] A kapton stencil with the center sections peeled off the front and back, ready to 

be stuck down onto the PVDF sheet [b] The PVDF sheet with the stencil still attached after 
acetone etching [c] A set of 4 PVDF leaves after being cut out with scissors [d] A set of 4 PVDF 

leaves glued together [e] A set of 4 PVDF leaves after soldering the magnet wire to one side. 

 
Once the stencil is cut the middle section of the kapton layer is peeled off to reveal the 

PVDF leaves, and the middle section of the backing is peeled to reveal the sticky side of the tape 

(Figure 3.4a). One stencil is adhered to either side of the pre-electroded PVDF sheet, making 

sure to match up the corners so they align precisely on either side. Then acetone is used to 

remove the unwanted silver surrounding the PVDF leaves with a Q-tip, being careful not to 

accidentally peel up the kapton tape (Figure 3.4). One layer of kapton tape is removed from each 

side after etching, leaving only a single 0.0015” kapton protector on each side. The PVDF leaves 

are labeled on their positive side. This labeling step is important to achieve the bimorph 

configuration, as all of the positive faces need to be oriented outward. After labeling, the leaves 

are cut out from the larger PVDF sheet with scissors (Figure 3.4c). The leaves are glued together 

with Loctite 422 adhesive after lightly sanding each side and priming with Loctite SF 770 primer 
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(Figure 3.4d). Once the glue dries the kapton tape on the soldering pad is carefully peeled up to 

reveal the silver on all four leaves and a 36 Ga magnet wire is soldered across them (Figure 

3.4e). Silver epoxy is used to prevent damaging the PVDF with traditional hot solder. The 

opposing side is covered with a piece of kapton tape to prevent the silver epoxy from bleeding 

through and shorting the probe. The first side cures for at least two hours before flipping and 

soldering the other side. 

 

Figure 3.5: [a] Two pairs of 36 Ga magnet wires soldered to the TRRS jack before insertion into 
the sting [b] Three views of the sensing element in the sting just before injecting epoxy [c] 

Silicone being injected in the mold during the final step of manufacturing [d] A finished PVDF 

shear probe. 

 
Two halves, each with a wire soldered to both sides are glued back to back with a 1 mm 

silicone spacer in between, using the same glue and primer as before. The negative wire of one 

side is twisted together with the positive wire from the other side, completing the wiring diagram 

from Figure 3.3a. The two twisted pairs are then threaded through a machined steel tube, the 

same sting used by the MOD lab for our traditional shear probes with the addition of a notch on 

one end to make room for the PVDF soldering pad. The wires are soldered to a TRRS connector 

(Figure 3.5a), and the 8 layer PVDF sandwich is temporarily secured in its notch with a thin strip 

of kapton tape (Figure 3.5b). Epoxy is injected into the steel tube using a specialized jig and 
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cured under pressure for 24 hours. Silicone is then injected into the same mold used for our 

traditional probes (Figure 3.5c) and cured under pressure for at least 24 hours. Finally, we have a 

completed PVDF shear probe (Figure 3.5d). 

As mentioned earlier, this manufacturing method was designed for iterative prototyping. 

The ability to quickly make a new stencil shape allowed us to try several different prototypes 

before landing on the 8 layer probe presented here. For a finalized design, we would recommend 

screen printing the electrode pattern directly onto the PVDF, which would greatly simplify the 

process. 

3.3: Validation 

3.3.1: Calibration 

A batch of 5 8-layer PVDF probes are analyzed in this study, starting with determination 

of their sensitivity in MOD’s specially designed calibration tank. The tank shoots a laminar jet of 

water, and the probe angle of attack is modulated through ±5° while measuring the voltage 

output (Figure 3.6a). The voltage response of 5 8-layer PVDF probes is plotted alongside that of 

a single traditional probe (Figure 3.6b). The mean peak-to-peak voltage of the PVDF probes is 

0.2105 ± 0.0337 V, while the traditional probe had a peak-to-peak voltage of 1.219 V. The 

frequency response of all 5 probes can be seen in Figure 3.6c, which shows a similar primary 

peak frequency across all calibrations, representing the oscillation rate of the calibrator arm. The 

mean sensitivity of the PVDF probes was determined to be 6.79 ± 1.02 V/m, computed as 

describe in Section 3.2.1 (Figure 3.6d). This is in agreement with the prediction of 8 V/m for an 

8 layer probe from the first-principles model. The sensitivity of the traditional probe was 38.35 

V/m, within the standard range for MOD shear probes of 35-45 V/m (Le Boyer et al. 2021). 
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Figure 3.6: [a] Image of a probe positioned in the laminar flow coming out of the calibration 

tank [b] Voltage output during probe calibration [c] Power spectrum of probe output during 

calibration [d] Sensitivity of probes compared to model prediction. 

 
Given the sensitivities of our batch of probes, we can estimate their voltage outputs for a 

range of 𝜖 from Equation 4. 𝜖 = 10−10 is the lowest level of turbulence that can be measured 

above the noise floor of the MOD lab’s microstructure profiler Le Boyer et al. (2021). For 𝜖 = 

10−10 the PVDF probe would produce a 0.54 mV signal, compared to a 2.8 mV signal from the 

traditional probe. Gregg (1999) reports that the highest value of 𝜖 that can be resolved using 

traditional sized shear probes is 𝜖 = 10−5. The PVDF probes would produce a signal of 0.17 V for 

this value of 𝜖, compared to 0.87 V for a traditional probe. 
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3.3.2: Testing 

 

Figure 3.7: Wavenumber spectrum of shear measured offshore of the SIO pier by a traditional 
PZT probe (blue) alongside a PVDF probe (red). The theoretical Nasmyth spectrum (yellow) that 

best fits these spectra corresponds to 𝜖 = 1.5 × 10−7 W/kg. The instrument noise floor (dashed 

black) dominates at high wavenumber. 

 
PVDF probe number 5 was tested alongside a traditional PZT probe by profiling the 

MOD lab’s epsilometer off of a small boat using a high speed fishing reel. 7 profiles were 

performed down to 45 m of depth. Raw voltage output from both probes is shown in Figure 3.7a. 

Upon visual inspection, the low frequency response of the probes seems to be very different. 
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However, 𝜖 is computed by making a wavenumber spectrum of shear from 2 second windows of 

data, so the low frequency response is not necessarily relevant. The shear spectra in Figure 3.7b 

is an average of 5 adjacent spectra, covering 8 m to 10 m depth in profile 3. The response of the 

probes at high wavenumber, which is the part of the signal used to compute 𝜖 is quite similar in 

this example. The theoretical Nasmyth spectrum that best fits these spectra corresponds to an 

observed 𝜖 = 1.5−7. Instrument noise begins to dominate the signal of both probes around 58 

cpm. 

Using a curve fitting procedure like the one that resulted in Figure 3.7b, 𝜖 is computed for 

all 7 profiles (Figure 3.8). Both probes observe comparable profiles of 𝜖 with the exception of 

the first profile, which shows the greatest difference between the two. The voltage signal is 

scaled by probe sensitivity before computing 𝜖, so the slight negative offset of most of the 

observations from the PVDF probe may be due to an inaccurate calibration of one of the two 

probes. 

 

Figure 3.8: 7 Profiles of 𝜖 taken half a mile west of the SIO pier. 
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3.3.4: Durability 

 

Figure 3.9: Capacitance of the 5 PVDF probes during two cycles from 0 to 3000 dbar, measured 
from 10 Hz to 20 kHz. The first cycle is plotted in progressively darker and thinner blue lines 

and the second cycle in red. 

 
Probe capacitance was measured from 10 Hz to 20 kHz during exposure to 1000, 2000, 

and 3000 dbar of pressure in a bench top pressure pot (Figure 3.9). Each probe was cycled up to 

3000 dbar twice, based on the erratic behavior of the PVDF probe on it’s first ocean profile 

compared to subsequent profiles. Probe behavior at frequencies less than 25 Hz are relevant to 𝜖 
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observations, as they correspond to the maximum frequency at which a profiler falling at 0.5 m/s 

might encounter 50 cpm turbulence. After 50 cpm the noise of the instrument dominates. A flat 

capacitance between 750 and 1000 pF indicates a functioning probe, with higher capacitance 

indicating more sensitivity. All of the probes picked up on a noise signal at 60 Hz corresponding 

to the frequency of the fluorescent lights in our lab. Probe 1 had a noisy signal at low frequency 

after 2000 dbar on the first cycle, which would lead to an unstable calibration constant and an 

unreliable probe. Probe 2 experienced noise at high frequency, but was reliable at the frequencies 

we care about for observing 𝜖. Probe 3 behaved unreliable at low frequency, with a capacitance 

that changed significantly during the first pressure cycle and decreased with increasing frequency 

across all tests. If this behavior was displayed before calibration the probe would not have been 

included in the final batch, so it must have been damaged after calibration. Probe 4 behaved well 

at all frequencies and pressures. The final probe, which was the one that had been used in the 

ocean tests prior to this pressure test, behaved well at the frequencies of interest. 

We did a final durability test by dropping all 5 of the PVDF probes tip down from bench 

height (38 cm), measuring their capacitance before and after (Figure 3.10). This test was chosen 

as a worst case scenario for the kind of damage that could be sustained during fieldwork. More 

often, probes might be lightly tapped on a bench or brushed up against during installation, both 

of which would likely be survived by a probe that survived the drop test. It is known from 

experience, but not verified in this study due to manufacturing costs, that PZT probes would not 

survive being dropped from bench height. Probes 1 ad 5 survived the drop test with their 

capacitance unchanged. Probe 2 experienced a drop in capacitance and probe 4 experienced an 

increase in capacitance. Both of these would still give an estimate of 𝜖 following this damage, 

but their calibration constant would be changed causing an offset in the magnitude of 𝜖. Probe 3 
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experienced a drop in capacitance and the addition of noise at low frequencies, which would 

cause 𝜖 estimates to be unreliable. The failure mode of the probes that changed following the 

drop tests is most likely a change in the contact of the solder joints, causing the measurement of 

the signal from one or more of the PVDF leaves to change. This failure mode could be addressed 

by designing a more robust receiving end of the sting into which the PVDF is potted with epoxy. 

The more stable the solder joint is within the potted epoxy the less likely it is to be damaged. 

Additionally, 3 of the probes sustained damage to the silicone and would not have been water 

tight after dropping. This result leads me to conclude that the PVDF sensor is more durable than 

the silicone in which it is potted, a significant improvement in durability over traditional probes. 
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Figure 3.10: Capacitance of the 5 PVDF probes before (blue) and after (red) being dropped tip 

down from 38 cm, measured from 10 Hz to 20 kHz. 

 

3.4: Discussion and Conclusions 

This study has demonstrated the viability of piezo-polymers for ocean turbulence 

measurements. PVDF shear probes measured here were 16% as sensitive as a traditional shear 
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probe, which was enough to reliably measure 𝜖 in the range encountered in a nearshore ocean 

test. Three out of 5 probes behaved well in water under up to 3000 dbar of pressure. Two out of 5 

survived a 38cm tip down fall with no observable damage to the sensor, while an additional two 

experienced some damage and one was broken irreparably. Future development could be focused 

on durability to long-term saltwater exposure, which also poses a problem for traditional probes. 

Other durable options for measuring 𝜖 are on the horizon as well, and should be considered as an 

alternative for some applications (Wang et al. 2022; Northcott et al. 2026). 

A traditional shear probe takes approximately 5 hours to assemble, spread out over 3 days 

to account for curing time for the epoxy and silicone. The manufacturing process in this study 

takes significantly longer, around 7 hours. However, this process was designed for prototyping. 

In the future the electrodes could be printed directly on the PVDF rather than acetone etching 

with a stencil, and the time for assembly would be comparable to a traditional probe. A 

traditional probe costs approximately $200 USD to produce, which includes $150 to have the 

steel sting machined, $10 for the PZT sensor, and the rest for epoxy, silicone, and wires. The 

only cost difference in our design is the sensing element, which is approximately $4.50 for a 

PVDF probe. 

In theory the PVDF design could be made more sensitive by adding additional layers. In 

practice there is no more room within the dimensions of the current probe for additional layers. 

Our prototypes are just below the limit of exceeding the silicone diameter at the narrow end of 

the probe. To add sensitivity for resolution of low turbulence environments or decrease diameter 

for resolution of high turbulence flow, we would recommend that future studies explore other 

piezo-polymers. A range of other piezo-polymers exist with higher piezoelectric constants that 

could be used to design more sensitive shear probes with different dimensions. Several studies 
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have demonstrated composite materials that combine flexible piezo-polymers with more 

sensitive piezo-materials like PZT (McCall et al. 2014; Cui et al. 2019; Ganeshkumar et al. 2017; 

Babu and de With 2014). Piezo-composites have been shown to yield a higher voltage response 

without sacrificing material durability. Flexible piezo-materials are already in use in ocean 

technology including bio inspired lateral-line velocity sensing, wave energy harvesting, and 

hydrophones, (Shizhe and Yijin 2022; Jbaily and Yeung 2015; Viet et al. 2017; Bowen et al. 

2004). We chose to use off the shelf sheets of PVDF for this study because it allowed us to 

fabricate shear probes without a fume hood, spin coater, and other facilities that are often 

available in materials science labs but rarely in oceanographic labs. Going forward, deeper 

collaborations between oceanography and materials science could yield greater advancements in 

sensor development. 

Based on the results of our pressure cycling and durability testing, future work should be 

dedicated to characterizing the failure modes and reliability over long time scales of polymer 

shear probes. The design of shear probes has remained the same for over 50 years, and has been 

tested in a wide variety of ocean environments on many platforms (Lueck et al. 2002). There is 

room for improvement by leveraging piezo-polymer materials that have been around for a 

similar length of time. The piezo-electric properties of PVDF were discovered in 1969, one year 

before the invention of the shear probe (Mishra et al. 2019; Siddon 1971). The parallel 

development of these two technologies highlights the need for greater collaboration across 

engineering disciplines. We have shown that even with limited access to materials synthesis, 

prefabricated piezo-polymers offer the opportunity for more durable ocean turbulence sensing. 

Future development will increase access to turbulence observations for large scale programs like 

ARGO and GO-SHIP that rely on non-specialist deployment. 
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Chapter 4 : Basic or Applied: Complicity and Tuning the 

Proximity of Research to its Impacts 

A Student’s Introduction to a Shifting Boundary 

I once heard a professor say that they, “Never assign students to projects behind the veil”. 

I assume that the “veil” they were referring to was one of security clearance, but I think it’s an 

apt metaphor for the military-university complex at large. As a PhD student in Applied Ocean 

Sciences I’ve been exposed to the shifting definitions of the words basic and applied in many 

different settings. My time at Scripps Institution of Oceanography (SIO) has been punctuated by 

moments of conflict and resistance. The University of California San Diego, of which SIO is a 

part, has a rich history of protests in which the concept of complicity took center stage (Lim 

2025; UCSD Libraries, n.d.). These moments have inspired myself and many other students to 

reflect on our own roles in academic research.  Some graduate students who, like myself, are 

funded on Department of Defense (DoD) projects believe that they are taking money away from 

the military to do their research, which otherwise could have been put to a more violent use. The 

intention of this work is to invite those who hold these views to reflect and join in conversation, 

not to pass judgement. I’ve often wondered what interest the Office of Naval Research (ONR) 

could possibly have in my research, but we can see in their mission statement that they don’t 

fund anything that doesn’t benefit their objectives (Office of Naval Research, n.d.). The 

relationship between the military and academia in the United States seemed to be obscured from 

my perspective as a student. 
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The Merriam Webster dictionary defines complicity as an “association or participation in 

or as if in a wrongful act” (Merriam-Webster 2026). Not only does one have to be a participant 

in an activity to be complicit in it, but that action has to be perceived as wrongful. The 

wrongfulness of the U.S. military’s actions is beyond the scope of this study. We will instead 

speak to the association or participation of science in furthering the military agenda. Science and 

technology studies (STS) scholars Gregory Hollin and Ros Williams warn that in some formats, 

“recognition of the inevitability of complicity leads to guilt and passivity rather than action” 

(Hollin and Williams 2021). Their study describes complicity as a complex entanglement, 

distinct from guilt in that it is not necessarily a reflection towards past actions, but an ongoing 

relationship that is enmeshed with responsibility. Conversations around complicity in academia 

often hinge upon the distinction between basic and applied research. Language and our self-

definitions as scientists play an essential role in the fabric of the veil.  

A growing number of scientists argue that critically evaluating the histories of their fields 

will lead to contemporary research that is less likely to further colonial and racist structures 

(Scarlett 2022; Prescod-Weinstein 2017; Nyblade and McDonald 2021). Tamara Pico and the 

other creators of GeoContext, a resource for teaching the colonial history of earth sciences, 

describe the importance of origin stories in the way students do or don’t see themselves in 

science (Pico 2023; Cartier 2021). Much of the historical and contemporary rhetoric around basic 

and applied research is founded in the myth of neutrality; that science is objective, unbiased, and 

apolitical (O'Brien 1993; van Eck, Messling, and Hayhoe 2024). In the tradition of feminist 

sciences, many researchers have forged an alternative path that honors their positionality within 

science (TallBear 2014; Liboiron 2021; Giordano 2025). In this work I examine how language 

can be used to obfuscate our positionality as scientists, how the stories we choose to tell about 
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our fields can define the way students interact with them, and how rhetoric is used to construct a 

relationship between science and impact. 

The Origins and Evolution of Basic/Applied Rhetoric 

Basic/applied rhetoric can be traced back to the nineteenth century when the fields of 

physics and engineering were professionalizing amidst a flood of research funding associated 

with industrialization, (Lucier 2012). Physicists and engineers found mutual benefit in 

distinguishing their fields of expertise, while arguing for the usefulness of their work to common 

sources of funding.  STS scholar Thomas Gieryn referred to the rhetorical tuning between 

research and its impacts as boundary-work. These boundaries served the purposes of securing 

funding, protection of intellectual authority, and preserving autonomy from political interference 

(Gieryn 1983).  

From the mid 1800s through WWII basic science was more commonly referred to as 

pure, often carrying a moral authority over applied science in the minds of its promoters. One 

of the early advocates of this hierarchy was Henry Rowland, a late 1800s physicist who 

delivered a “Plea for Pure Science” to the American Association for the Advancement of 

Science. Rowland made the moral authority of pure scientists clear, writing “We are tired of 

seeing our professors degrading their chairs by the pursuit of applied science instead of pure 

science…” (Rowland 1883, 243). His address painted pure science as a hallmark of the 

dominance of U.S. and western European nations, and argued for more government funding 

within universities. While he asserted the important role of applied research in making 

technological advances that benefited society, he did so without ceding moral high ground on 

which he placed pure science. 
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The definitions of basic and applied often lean upon the argument that technology 

descends directly from basic research in physics and chemistry in a linear fashion, (Kline 

1995). Rowland argued that, “To have the applications of a science, the science itself must 

exist.” (Rowland 1883, 242). Many historians of science and technology have argued that this 

linear model is reductive and doesn’t accurately capture the pathways of technological advance, 

pointing out that the linear model was crafted by the rhetorical work of scientists like Rowland 

rather than being an observable process (Gooday 2012; Kline 1995; Lucier 2012). 

After World War II (WWII) the word pure shifted to basic, and basic/applied rhetoric 

was cemented into the structure of federal research funding. Near the end of WWII, President 

Roosevelt asked Vannevar Bush, the head of the Office of Scientific Research and 

Development, how best to continue the fruitful relationship between military and science 

communities into peace-time. His response was the essay Science, the Endless Frontier which 

laid out a vision of federal funding for research that precipitated the founding of the National 

Science Foundation  (NSF) in 1951, (Bush 1945; National Science Foundation, n.d.). In 1946 

the ONR was founded in another effort to solidify the relationship between the U.S. military 

and science (Office of Naval Research, n.d.).  

The NSF and the DoD both follow similar definitions of basic and applied 

research,  (Bickell et al. 2024): 

“Basic Research: Experimental or theoretical work undertaken primarily to acquire new 

knowledge of the underlying foundations of phenomena and observable facts, without 

any particular application or use in view. 
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Applied Research: Original investigation undertaken to acquire new knowledge—

directed primarily toward a specific, practical aim or objective.” 

The primary difference in the definitions is whether a specific objective for the new knowledge 

is held in mind by the researchers when they write their proposal. 

Both organizations fund a combination of basic and applied research but only the DoD 

distinguishes between basic and applied in a structural way, referring to distinct pools of money. 

The DoD has nine funding categories for research, development, testing, and evaluation, the first 

three of which are: 6.1 (Basic Research), 6.2 (Applied Research), and 6.3 (Advanced 

Technology Development). Each of these categories is defined as being progressively closer to 

its specific end purpose, and their definitions lean heavily on the concept of a linear progression 

from basic research to applied research to technology (Sargent 2018). 

This pervasive idea of a linear relationship between basic science and technological 

development was called into question by the DoD’s own Project Hindsight, studying the role that 

basic research played in technology development between WWII and 1962 (Sherwin and Isenson 

1967). The report concluded that the knowledge gained by basic research becomes most useful to 

technological development on timescales longer than the twenty year period they had studied. 

The authors of the Project Hindsight report noted that recruitment pathways were an indirect 

benefit of funding basic research that was more immediate than technological progress. As they 

put it, “Undirected research serves as a form of postdoctoral training; it provides initial jobs for 

new Ph.D.’s who are inclined toward basic research but who want a closer look at mission-

oriented research before making a career commitment” (Sherwin and Isenson 1967, 156). The 

military recognizes that it can recruit from a wider pool of scientific expertise if it allows 
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participation in relevant but unclassified research. From a more utilitarian angle, graduate 

students need to publish their research in order to get a degree so it is useful for some military 

funded work to fall into the unclassified and publishable category.  

A 1982 National Academy of the Sciences (NAS) report from the Panel on Science 

Communication and National Security leans on the flexibility of definitions for basic and 

applied while arguing against increased secrecy measures in scientific research (Institute of 

Medicine, National Academy of Sciences, and National Academy of Engineering 1982). At 

that time the government was worried that scientists were sharing too much with the Soviet 

Union. Commenting on the NAS report, STS scholar Gieryn points out that, “The boundary-

work here is subtle and complex: on one hand, the Panel asserts that university-based science 

yields "basic" rather than "applied" knowledge; on the other, they assert that university-based 

science is essential for technological progress.” (Gieryn 1983, 791). The NAS panel, which is 

made up of scientists, describes university research as basic when distancing it from Soviet 

technological progress, but applied when drawing it closer to technological progress in the 

United States. This is one example of how basic/applied rhetoric served scientists in navigating 

the political pressure for secrecy. 

Basic/applied rhetoric was co-designed to the mutual benefit of scientists and their 

patrons throughout the nineteenth and twentieth centuries. It allowed scientists to argue for the 

usefulness of their research while simultaneously distancing themselves from its impacts for 

recruitment and in the context of secrecy. Scientists and engineers originally crafted this 

language to argue for funding during a boom of industrialization while maintaining their 

intellectual authority and autonomy. In the wake of WWII federal funding agencies adopted the 

basic/applied framework and made it a structural feature of the research landscape. In the next 
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section we will explore the ways oceanographers framed their work to navigate the shifting 

funding priorities of the twentieth century, setting the stage for an analysis of contemporary 

grant abstracts at the Scripps Institution of Oceanography (SIO). 

Blurred Boundaries in Military Oceanography 

My field of physical oceanography and my employer, SIO, have a relationship with DoD 

research that goes back to WWII. Oceanographers received funding in ocean state prediction 

used in Naval operations from submarine warfare to beach landings of ground forces. Naomi 

Oreskes’ book Science on a Mission describes the conflict that this influx of military funding 

created within the field. Some oceanographers resisted the influence of the military on the 

direction of scientific research while others embraced the prospect of a steady funding source 

beyond the scale of any pre-war patron.  

This tension between oceanographers who sought military patronage and those who 

craved autonomy for their research direction came to a head at the Woods Hole Oceanographic 

Institute (WHOI) in 1960 in what later became known as the Palace Revolt. Scientists at WHOI 

in the late 1950s were concerned that, “Dependence on Navy funding would inevitably shift the 

balance in oceanography away from basic and towards applied research” (Oreskes 2021, 111). A 

handful of WHOI scientists were very concerned about the autonomy of their research when the 

new director, Paul Fye, began to push for a closer relationship with the Navy and a more direct 

focus on its operational needs. Fye had a background in munitions development, and some saw 

him as closer to the military than to oceanography. The concerned WHOI scientists included 

prominent deep sea physicist Henry Stommel and influential atmospheric scientist Joanne 

Malkus, who wrote to members of the Board of Trustees asking for Fye’s removal and made 
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public statements of protest. In the end, both of these scientists ended up leaving WHOI because 

they were uncomfortable with the close relationship it was cultivating with the Navy. 

At SIO, the resistance to military funding seemed to be primarily founded on the 

disproportionate support of physics and geology over biological sciences, as SIO was originally 

founded as a marine biological station in 1907. The Marine Physical Laboratory (MPL) was 

founded in 1946 as a post-WWII continuation of the University of California Division of War 

Research, inheriting much of its initial equipment and staff from the Navy Electronics 

Laboratory and receiving most of its funding from the Office of Naval Research. MPL is now the 

oldest research division within SIO and accounts for a large portion of contemporary physical 

oceanography research at SIO. In their 2003 article on the history of MPL, SIO scientists Fred 

Spiess and Bill Kuperman refer to the 1960s as the Golden Age of Growth for MPL, facilitated 

by their close relationship with the Navy (Spiess and Kuperman 2003). In its conclusion the 

article states that  “MPL currently pursues basic observational ocean science by a combination of 

in situ measurements and remote sensing.” Although these MPL leaders self-describe its research 

as basic, earlier in the article they describe the direct application of their research to specific 

Naval technologies including submarine sonar and tactical communication systems, and a 

hydrophone array that was installed on an “experimental U.S. submarine”. The DoD definition of 

basic research states that it is “without any particular application or use in view” (Bickell et al. 

2024). It appears that in practice this distinction was tunable.  

Funding sources began to diversify throughout the 1970s and research topics spread out 

from the portfolio of the first two decades at MPL that was more directly relevant to military 

operations. In response to the apparent waning of military support for university based research 

the directors of four university housed applied laboratories, including MPL, co-authored the 
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report The Role of University Laboratories in Navy Research and Development to argue for 

increased funding (Hampton et al. 1983). The report outlines the unique technical expertise that 

had been developed at each laboratory due to the funding prioritization of the DoD. It argues that 

“This unique position of the laboratories, with close ties to both the Navy and their parent 

institutions, allows them to serve as a valuable interface between Navy 6.1 (basic) and 6.2 

(applied) Technology Base programs and the talent, resources, and technology available within 

their respective universities” (Hampton et al. 1983, 2). They additionally point out that “their 

positioning within universities allows for training students and professionals in Navy-related 

areas of ocean science, which provides a flow of experienced people into Technology Base 

programs”, highlighting the value of academia for recruitment (Hampton et al. 1983, 2). The 

roles of both basic and applied research are emphasized within the same institutions, 

distinguishable only by their funding source from either the 6.1 or 6.2 pool. Rather than forming 

a boundary between groups of scientists or research topics, both types of research are performed 

by the same groups of people. The only distinction between basic and applied seems to be an 

intentionality at the moment of funding. 

Abstract Analysis 

Here we examine the usage of the words basic and applied within all of the successfully 

funded DoD and NSF grant abstracts from SIO with start dates in the time period of January 

2015 through January 2025. Our analysis is done with a specific eye to the functional role of 

this language in the relationship between academia and the military. For this study I created a 

database of funded NSF and DoD grant abstracts by searching in the publicly available NSF 

active award database and Defense Technical Information Center for the years 2015 to 2025 

(National Science Foundation, n.d., Defense Technical Information Center, n.d.). I was unable 
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to search for SIO directly in the DoD database, only its parent organization the University of 

California San Diego. For the DoD database I additionally did an internet search of the name of 

every Principal Investigator (PI) I didn’t know personally to identify SIO affiliations. The 

assembled list consists of 139 NSF grants and 288 DoD grants. For each entry I recorded the 

grant numbers, titles, start and end dates, PI names, and abstracts. I cross-referenced the PI’s 

names with their SIO academic profiles and added the research units and the curricular groups 

with which they identify. Next, I read through all of the abstracts and pulled out any place 

names that were mentioned, adding an approximate latitude and longitude. Finally, I found 

every use of the words basic and applied and noted whether the word was being used to 

describe research. I noted whether the word was being used as juxtaposition, for example in the 

phrase “basic and applied research”, and whether the word was immediately adjacent to a 

phrase like “Navy relevant” or “of Naval interest”. The database consists of only publicly 

available information, and the specific compilation I used for my study will be made available 

for public use in an open-access repository. 

Before looking into abstract language, we will take a broad view of the structure and 

distribution of NSF and DoD funding at SIO.  The Office of Naval Research (ONR) accounts 

for an average of 28 percent of funding at SIO between the years 2015 and 2022, for which 

annual reports with funding information are publicly available (Scripps Institution of 

Oceanography 2023). During the same period the NSF accounted for 26 percent of SIO 

funding. MPL received 67 percent of ONR funding at SIO from 2015 to 2025, while it only 

received 9 percent of NSF funding. The distribution of funding across the eight SIO research 

divisions that received funding from either NSF or DoD from 2015 to 2025 is shown in Figure 

1. The research divisions are: the Marine Physical Laboratory (MPL); Climate, Atmospheric 
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Science, and Physical Oceanography (CASPO); the Center for Marine Biotechnology and 

Biomedicine (CMB); the Institute of Geophysics and Planetary Physics (IGPP); the Integrated 

Oceanography Division (IOD); the SIO Department (SIO); Marine Biology (MB); and the 

Geophysical Research Division (GRD). Any PIs that don’t fall under a research division are 

listed as ‘undefined’, which largely accounts for funding received for SIO research vessels. 

MPL received the majority of DoD funding, in a continuation of their historical relationship. 

The DoD’s prioritization of oceanography, geophysics, and atmospheric science over biology 

can be seen in the distribution as well, confirming the fears of pre-WWII SIO biologists. NSF 

funding is much more evenly spread across disciplines.  

 

 

Figure 4.1: [a] Number of grants awarded across the eight of SIO’s research divisions funded by 
NSF and/or DoD within the period 2015-2025 [b] Awarded funds by research division from 

2015-2025. 
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Now that we’ve oriented ourselves within the landscape of NSF and DoD funding at 

SIO, we return to the language scientists use to describe their research in their abstracts. Out of 

139 NSF abstracts three include the word basic, one of which is using it to describe research. 

Five NSF abstracts use the word applied, but none of them are using it to describe research. 

Within 288 DoD abstracts, 287 of which are funded by ONR, twenty five use the word basic 

with seventeen of those uses refer to research. Thirteen ONR abstracts use the word applied, six 

of which use it to describe research. The basic/applied framework is used more commonly 

within abstract language directed at the ONR, and is almost entirely absent from NSF abstracts. 

This makes sense given that the distinction between the two is built into the funding structure of 

the DoD and represents two distinct pools of money. The question is then, why does 

basic/applied rhetoric serve the ONR but not the NSF? Both organizations fund a combination 

of research they identify as basic or applied, but one of them made the distinction structural. 

What functional role is this distinction playing in the relationship between the military and 

academia? To answer these questions we will draw from specific examples of basic/applied 

rhetoric within the abstracts. 

SIO abstracts directed at ONR were almost twice as likely to describe themselves as 

basic as they were applied, which may indicate that more of SIO’s funding comes from the 6.1 

pool. Out of the twenty five uses of the word basic, five additionally qualified their research as 

“Navy-relevant” or “of Naval interest”. The end use isn’t specific enough to identify their work 

as applied, but they do know enough about its potential usefulness to argue for Navy relevance. 

This is indicative of the grey areas in a rhetorical distinction that seems to be defined by 

intentionality. The intertwining of the words basic and applied extends to, in many cases, using 

them directly next to each other as a juxtaposed pair. Five of the twenty five abstracts that use 
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the word basic fall into this category, using the phrase “basic and applied” to indicate that their 

research project will include elements of both types of research or that the results of their 

research has multiple end uses. 

Two functional roles of the basic/applied framework were repeated throughout many of 

the ONR abstracts. The first was that many of the projects seem to serve dual data pathways. 

Some of the data goes towards a research question of the PI, and other data goes directly to 

Navy organizational units for operational purposes. Military organizations called out in the 

abstracts for collaboration or direct transmission of data include: the Naval Undersea Warfare 

Center, Naval Information Warfare Center, Naval Oceanographic Office, Naval Research Lab, 

National Geospatial Intelligence Agency, Defense Mapping Agency, Unmanned Undersea 

Vehicle Squadron, Commander Task Force 75 in Guam, Naval Special Warfare, US Indo-

Pacific Command, Naval Mine and Anti-Submarine Command, and the Undersea Warfighting 

Development Center.  

Several abstracts mention the strategic significance of the locations where data will be 

collected. Approximate locations of all of the place names mentioned in abstracts are plotted in 

Figure 2. Some of the points are plotted from descriptions as vague as “the North Atlantic” 

while others are more specific, such as “Dongsha Atoll in the South China Sea” or “the 

Vietnamese waters of the Gulf of Tonkin”. The clustering of DoD areas of study as compared to 

NSF is reflective of a mode of research funding called Department Research Initiatives (DRIs). 

In a call for abstracts for a DRI PIs will often be asked to propose a research project in a 

prescribed location. The result is an intensive focus on one area and subject matter by many PIs, 

resulting in a less even spatial distribution than NSF, and a focus on regions that the Navy has 

determined to be operationally significant. 
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Figure 4.2: Approximate locations of the place names mentioned in abstracts from the NSF 

(blue plus signs) and DoD (red circles) 

 

The distinction between data pathways in proposed projects is sometimes demarcated using the 

basic/applied framework, as in the example below with names redacted:  

“The basic science/signal processing research effort in this proposed program will be 

conducted mostly by two Scripps (SIO) graduate students, XXX and XXX, under the 

supervision of their co-advisors XXX, XXX, and XXX. Results will be published in 

peer-reviewed papers and the students’ Ph.D. theses. Transition of fleet-relevant results 

will be coordinated via ONR Code 32 to the relevant U.S. Navy activities, including 

Undersea Warfighting Development Center (UWDC) in San Diego.”  

In this example basic research is designated as work to be conducted in a university setting by 

students while other results of the funded work will be communicated to military 

organizations. Other examples propose some elements of the project to be performed in 

collaboration with military organizations, such as one proposal that promises to, “coordinate 
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our research efforts with the Defense Mapping Agency, the Naval Oceanographic Office and 

make these grids available to Navy labs, defense contractors and the general public.”   

The functional role of recruitment in the basic/applied framework is also apparent in 

the abstract quote above. The designation of some work as basic enables it to be conducted by 

students and published as a part of their thesis dissertations. Students need to publish their 

work to graduate, but it is also useful for recruitment purposes to have students begin to work 

on military research early in their careers, so the DoD benefits from funding some initiatives 

that are not as directly tied to military operations and require no classified data. This 

recruitment consideration was noted in Project Hindsight (Sherwin and Isenson 1967), the 

1983 report by Applied Research Laboratories (Hampton et al. 1983), and the 2003 article on 

MPL history (Spiess and Kuperman 2003). Many abstracts in our collection mention that 

funds will be used to support student salaries. One goes so far as to say, “Postdocs and 

students supported under the proposed effort will become the backbone and workforce of 

future DoD research”. Another abstract says, “Training the next generation of scientists and 

engineers through hands-on research experience using innovative curricula is critical to future 

Navy outcomes”. Recruitment, education, or retention of students is mentioned in 44 out of 

288 abstracts. One abstract identifies the specific interplay between recruitment and basic 

research, stressing its mutual benefit to both the Navy and the research community:  

“From a naval interest, this research ultimately enables a broad swath of naval interests 

associated with exploiting technical advantages as an offset strategy to counter adversary 

interests. As a research community, our enduring relationship with the Office of Naval 

Research furthers technical advantage by vertically integrating basic and applied research 
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that supports short- and long-term interests. A key element of the latter is education of the 

next generation workforce both as civilians and active duty.” 

The “vertical-integration of basic and applied research” paints a picture of the two 

working hand in hand. Seen as a whole, our abstract database indicates that basic and applied 

research are often conducted by the same people with the same ultimate end use in mind, but 

with different proximity to that use. The DoD identified on its own in Project Hindsight that 

funding basic research paid little dividends in warfighting capability on timescales shorter than 

many decades; yet they continue to fund it. The functional roles in the military-academy 

relationship of data acquisition and recruitment, demonstrated by the rhetoric scientists use to 

define and categorize themselves, offer some insight into the more immediate benefits that are 

offered to the military in exchange for their patronage. 

The Basic/Applied Framework in Complicity 

By examining the language that oceanographers use to describe their work when asking 

the Navy for funding, we’ve begun to clarify the obscured military-university relationship to 

reveal two short-term functional roles it serves. Data often follows dual pathways, one of which 

becomes part of students’ research projects and is often referred to as basic, and another that is 

deemed operationally relevant and routed to one of many military organizations. We have seen 

that the basic/applied framework is not always used at SIO to differentiate distinct areas of 

research, but rather it allows the same projects to serve multiple purposes. While the NSF and the 

DoD both fund research that ranges in proximity to its end use, and fits the historical definitions 

of basic or applied, only one of these organizations chose to structurally compartmentalize its 

funding streams.  
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In addition to controlling the perceived relevance of research to its end use and end user, 

the basic/applied framework determines the proximity of students to the impacts of their work. 

This veil of obfuscation allows students such as myself to conduct research on a Navy project 

while wondering what interest the military could possibly have in the results. In an era where 

students are publicly challenging the ties between the military and the university, the rhetorical 

framework examined here allows many graduate students to hold the belief that their work is 

taking away from the military’s objectives rather than promoting them. My hope is that this 

analysis will be useful not only to the feminist science and technology studies community, but 

also to future generations of students who have questions about where their funding is coming 

from and why. 
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