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Abstract 
 
Broadband acous�cal technology revolu�onized our ability to explore, monitor, and operate in the 
ocean. While strides have been made in numerous physical and biological applica�ons, there remain 
many standing scien�fic ques�ons well suited to broadband approaches. Physics-based sound scatering 
models allow us to interpret and draw quan�ta�ve observa�ons from measurements. Such models have 
been developed and used to assess the biomass of many types of marine organisms of ecological 
significance, but we lack rigorous scatering models for gela�nous organisms despite their possibly 
accoun�ng for a significant propor�on of global marine biomass. Addi�onally, acous�cal techniques for 
characterizing microbubble popula�ons have been established for decades, yet litle is known about the 
spectral characteris�cs of dense microbubble clouds associated with estuarine �dal fronts. These 
bubbles facilitate air-sea gas exchange and could interfere with acous�cal opera�ons in coastal 
environments; however, the density and size distribu�on of the bubbles must be known to assess their 
impacts. This disserta�on addresses these deficiencies in our applica�on of broadband techniques. In 
Chapter 2, a sound scatering model for gela�nous organisms is developed based on the Distorted Wave 
Born Approxima�on. The 3-D model is applied to a species of scyphomedusa and verified with 
laboratory measurements of broadband backscatering from live individuals. The model predicts 
backscatering levels and broad spectral behavior within <2 dB. In Chapter 3, a towable instrument is 
developed for measuring broadband excess atenua�on from bubbles from which the size distribu�on is 
inferred. The instrument is tested under breaking waves in a laboratory wave tank and then used to 
characterize the bubble size distribu�on in the Connec�cut River �dal ebb plume front. In Chapter 4, 
broadband backscatering measurements from the Connec�cut River front are used to infer the 
associated bubble size distribu�on. Spa�al trends in the bubble size distribu�on are examined within the 
context of frontal kinema�cs. An observed disparity between the bubble size distribu�on measured with 
excess atenua�on and volume backscatering is hypothesized to arise from a sampling bias caused by 
bubbles concentrated in the upper water column.  
 
 
Thesis supervisor: Andone C. Lavery 
Title: Senior Scien�st, Woods Hole Oceanographic Ins�tu�on 
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1  Introduc�on 
 
 

1.1 Mo�va�on 
 

The development of the field of acous�cal oceanography revolu�onized our ability to 
noninvasively study, explore, and operate in the ocean. Acous�cal echo-sounding is widely used to assess 
fish popula�ons and inform fisheries management prac�ces (Lubis and Manik, 2017; Misund et al., 1995; 
Sthapit et al., 2020). Sonar imaging is used to create detailed maps of the seafloor (Annalakshmi et al., 
2019; Hansen, 2019). The use of acous�cs in the ocean also led to the discovery of deep scatering layers 
(Eyring et al., 1948), launching the effort to explore and understand the mesopelagic zone (Aksnes et al., 
2017; Buesseler et al., 2007; Irigoien et al., 2014; Klevjer et al., 2016). 

An important advancement in acous�cal oceanography was the development broadband 
techniques which not only led to improvements in the spa�al resolu�on of acous�cal measurements 
(Lavery et al., 2017; Stanton et al., 2012), but also enabled received signals to be interpreted in 
frequency space for more complex analyses including discrimina�ng between types of scaterers and 
obtaining addi�onal informa�on about the size and other physical proper�es of scaterers (e.g Agersted 
et al., 2021; Basset et al., 2018, 2020; Benoit-Bird and Waluk, 2020; Blanluet et al., 2019; Coter et al., 
2021; Dunn et al., 2023; Forland et al., 2014; Kubilius et al., 2020; Lavery et al., 2007, 2010; Nesse et al., 
2009; Stanton, 1996; Stanton et al., 1993, 1994, 1998, 2003; Stanton and Chu, 2000, 2004). 

While these advancements have propelled the field forward, there remain many applica�ons to 
biological and physical processes in the ocean for which broadband techniques have yet to be developed 
or used. Acous�cs are widely used to assess the biomass of fish and some zooplankton popula�ons using 
verified species-specific sound scatering models (e.g Davison et al., 2015b, 2015a; Escobar-Flores et al., 
2020; Gorska et al., 2007; Irigoien et al., 2014; Jech et al., 2015; Lavery et al., 2007; Lawson et al., 2008; 
Proud et al., 2019), but scatering models have not yet been developed or verified for many types of 
zooplankton despite their abundance in marine environments, leaving es�mates of their biomass poorly 
constrained. Gela�nous zooplankton (“jellies” or “jellyfish”) in par�cular have been historically 
understudied in part because they are difficult to survey via tradi�onal methods like net sampling 
(Brierley et al., 2001; Pakhomov and Yamamura, 2021). Jellies are becoming increasingly appreciated as 
important and ubiquitous members of marine communi�es (Lynam et al., 2006; Pauly et al., 2009; 
Richardson et al., 2009), warran�ng an urgent need to understand their global biomass, popula�on 
dynamics, and impact on human ac�vi�es (Baliarsingh et al., 2020; Clinton et al., 2021; Pit et al., 2018; 
Proud et al., 2019; Zi et al., 2020). Ecosystem-scale monitoring will require the development of efficient 
remote-sensing approaches for surveying jellies, such as ac�ve acous�cs, and while mul�ple studies 
have employed backscatering measurements in conjunc�on with other sampling methods to enumerate 
jellies (Alvarez Colombo et al., 2008; Båmstedt et al., 2003; Brierley et al., 2001; Graham et al., 2010; Kim 
et al., 2016a; Yoon et al., 2019; Zi et al., 2020), litle effort has been made to develop and verify rigorous 
scatering models that may be used to assess jelly popula�ons with broadband backscatering. The 
development and verifica�on of such models is a necessary first step toward enabling rapid, field-based 
monitoring of jelly popula�ons. 

Acous�cs have also been used for many years to image and quan�fy oceanic microbubbles 
generated by breaking surface waves (e.g., Crawford and Farmer, 1987; Dahl, 2003; Deane, 1997; Farmer 
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et al., 1998, 1998; Medwin and Breitz, 1989; Terrill and Melville, 2000; Trevorrow, 2003; Vagle and 
Farmer, 1992), but litle is known about the density and size distribu�on of bubbles entrained in frontal 
structures that form where rivers discharge into coastal oceans or how the hydrodynamics of a front 
drive its associated bubble popula�on. Frontal structures entrain dense bubble clouds that have been 
es�mated to facilitate a significant propor�on of air-sea gas exchange in estuaries (Baschek et al., 2006) 
and have the poten�al to interfere with sonar system performance via scatering and absorp�on (Ainslie, 
2005; Basset and Lavery, 2021; Clay and Medwin, 1964; Medwin, 1977; Reeder et al., 2022; Trevorrow, 
2003). An understanding of the bubble densi�es and size distribu�ons in estuarine fronts is cri�cal for 
constraining quan�ta�ve es�mates of their role in these processes. While oceanic bubbles have been 
studied for many years, few studies have examined the size distribu�ons of bubble popula�ons in �dal 
fronts or how they are influenced by the hydrodynamics of fronts (Basset et al., 2023; Marston et al., 
2023; Reeder et al., 2022).  

Mul�ple acous�cal techniques have been developed over the years to measure bubble size 
distribu�ons, each with dis�nct advantages and limita�ons, and many of which involve instrumenta�on 
mounted on sta�onary pla�orms (Farmer et al., 1998; Reeder et al., 2022; Terrill and Melville, 2000; 
Vagle and Farmer, 1992, 1998a). Broadband acous�cal measurements over a wide range of frequencies 
permit high resolu�on es�mates of bubble size distribu�ons over a wide range of sizes. Ship- and 
vehicle-based backscatering over a wide bandwidth offer the necessary mobility for measuring frontal 
bubble clouds but involve the poten�al for excess transmission loss due to near-surface bubbles to 
impact measurements at certain frequencies (Basset et al., 2023; Basset and Lavery, 2021). The use of a 
towable instrument for measuring frontal bubbles in situ allows for con�nuous measurements with 
higher spa�al resolu�on than shipboard backscatering. Employing more than one measurement 
method builds confidence in their accuracy and allows for a customizable sampling strategy that exploits 
the advantages of each method (Vagle and Farmer, 1998a). It is also important to relate the measured 
bubble size distribu�on to the hydrodynamics of the front, as understanding how currents and turbulent 
mixing associated with a front drive the bubble density and size distribu�on will lead to beter 
understanding of the impacts of these features on gas exchange and sonar performance in estuaries. 

This disserta�on aims to advance the field of acous�cal oceanography through contribu�ons to 
the exis�ng library of sound scatering models for marine organisms and to our understanding of 
microbubble popula�ons associated with estuarine fronts. First, a sound scatering model is developed 
for a scyphozoan jellyfish and verified with laboratory measurements. Second, a towable acous�cal 
bubble measurement instrument is described and used in conjunc�on with exis�ng sound atenua�on 
models for microbubbles to obtain quan�ta�ve observa�ons of the bubble size distribu�on in a �dal 
front. Third, the bubble size distribu�on in a front is inferred from backscatering measurements and the 
impacts of front hydrodynamics are examined. This introductory chapter will briefly review topics and 
basic scatering principles that will be u�lized and discussed further in later chapters. 
 
 

1.2 Principles of acous�c scatering from bounded objects 
 

1.2.1 Scatering from a single object 
 

This sec�on will review and define the key quan��es of interest to acous�cal studies as 
described by Medwin and Clay (1998), providing a founda�on for the following sec�ons. For an acous�c 
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wave of some pressure amplitude 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖, frequency 𝑓𝑓, wavelength 𝜆𝜆, wavenumber 𝑘𝑘, traveling at speed 𝑐𝑐, 
incident on a finite object, the propor�on of the incident acous�c energy that will be scatered by the 
object is 

 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖|𝐿𝐿(𝜃𝜃,𝜙𝜙,𝑓𝑓)|(10−𝛼𝛼𝛼𝛼/20)/𝑅𝑅 (1.1) 
 

where 1/𝑅𝑅 represents spherical spreading loss from the object to the receiver, 10−𝛼𝛼𝛼𝛼/20 
accounts for energy absorp�on, and 𝐿𝐿(𝜃𝜃,𝜙𝜙,𝑓𝑓) is the scatering length (also referred to as 
“scatering amplitude”) describing the ra�o of incident to scatered pressure. The acous�c 
scatering length is a complex func�on at angle 𝜃𝜃 in the plane and 𝜙𝜙 out of the plane to the 
direc�on of the receiver. In the backscatering case, 𝜃𝜃 = 𝜙𝜙 = 0; in the forward scatering 
case, 𝜃𝜃 = 𝜋𝜋 and 𝜙𝜙 = 0. 𝐿𝐿(𝜃𝜃,𝜙𝜙,𝑓𝑓) also depends on the size, shape, orienta�on, density, and 
sound speed of the scaterer. For acous�cal measurements, the differen�al scatering cross 
sec�on is used: 
 

 

 Δ𝜎𝜎𝑠𝑠(𝜃𝜃,𝜙𝜙,𝑓𝑓) = |𝐿𝐿(𝜃𝜃,𝜙𝜙,𝑓𝑓)|2. (1.1) 
 
For backscatering, 

 Δ𝜎𝜎𝑏𝑏𝑏𝑏(𝑓𝑓) = |𝐿𝐿𝑏𝑏𝑏𝑏(𝑓𝑓)|2. (1.2) 
 
The total scatering cross sec�on, 𝜎𝜎𝑠𝑠, is the integral of Δ𝜎𝜎𝑠𝑠 over 4𝜋𝜋 of solid angle, or the product of Δ𝜎𝜎𝑠𝑠 
and 4𝜋𝜋 in the case of omnidirec�onal scatering (e.g., a gas bubble near resonance). In addi�on to 
scatered energy, a por�on of incident acous�c energy is also absorbed by the object and is described by 
the absorp�on cross sec�on, 𝜎𝜎𝑎𝑎. Together, the total scatering cross sec�on and absorp�on cross sec�on 
sum to yield the total ex�nc�on cross sec�on, 
 

 𝜎𝜎𝑒𝑒 = 𝜎𝜎𝑎𝑎 + 𝜎𝜎𝑠𝑠. (1.3) 
   

In prac�ce, it is common to represent measured acous�c scatering on a logarithmic scale. A 
quan�ty o�en used for backscatering measurements is the target strength (TS): 
 

 𝑇𝑇𝑇𝑇(𝑓𝑓) = 10 log[𝛥𝛥𝜎𝜎𝑏𝑏𝑏𝑏(𝑓𝑓)] = 20 log [|𝐿𝐿𝑏𝑏𝑏𝑏(𝑓𝑓)|]  (dB re 1 m2). (1.4) 
 
The TS is consequently a func�on of the size, shape, orienta�on, and material proper�es of the scaterer. 
Understanding the TS of an object provides the founda�on for more complex measurements of an 
assemblage of objects and gives predic�ve power to acous�c measurements. 
 Mul�ple model formula�ons have been developed to predict the TS of scaterers with different 
proper�es. Modal series solu�ons offer complete descrip�ons of scatering from bounded objects, 
however these exact solu�ons to the wave equa�on are limited to scaterers of certain symmetries. For 
rela�vely small wavelengths (𝑘𝑘𝑘𝑘 ≫ 1), scatering is dominated by specular reflec�ons off the object’s 
boundaries and TS can be approximated via the Kirchoff method. Because the Kirchoff method ignores 
diffrac�on from the object’s boundaries, it cannot accurately predict scatering from bodies with sharp 
edges or complex shapes. For weakly scatering objects of any size and shape, the Distorted Wave Born 
Approxima�on (DWBA) offers reasonable approxima�ons of TS and will be discussed in a later sec�on.  
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 Total scatering consists of waves reflected off the front interface of the object, waves that 
penetrate the object and reflect off the back interface, and waves that diffract around the object. For 
𝑘𝑘𝑘𝑘 ≫ 1, scatering is dominated by specular or mirror-like reflec�ons and is referred to as the 
“geometrical” regime. For 𝑘𝑘𝑘𝑘 ≪ 1, scatering is dominated by diffrac�on and is referred to as the 
Rayleigh regime. TS in the Rayleigh regime increases linearly with 𝑘𝑘𝑘𝑘 and is independent of the shape of 
the scaterer, while TS in the geometrical regime is more complex due to interference between the 
incident and scatered waves. The loca�on of the Rayleigh-to-geometric transi�on (𝑘𝑘𝑘𝑘 = 1) may be used 
from TS measurements to infer the size of the scaterer (Lavery et al., 2010). 
 

1.2.2 Scatering from mul�ple objects 
 

In the backscatering case where mul�ple scaterers are present in the insonifying beam, their 
individual echoes are assumed add incoherently such that the backscatering cross sec�on per unit 
volume, 𝑠𝑠𝑣𝑣, may be measured: 

 
𝑠𝑠𝑣𝑣 = �Δ𝜎𝜎𝑏𝑏𝑏𝑏,𝑁𝑁

𝑁𝑁

 (1.5) 

 
where N is the number of scaterers in the insonified volume (Medwin and Clay, 1998). In prac�ce, this 
quan�ty is o�en presented on a logarithmic scale as the volume backscatering, 
 

 𝑆𝑆𝑣𝑣 = 10 log10 |𝑠𝑠𝑣𝑣|  (dB re 1 m-1). (1.6) 
 
In many field applica�on cases, such as surveying a dense popula�on of organisms or gas bubbles, 
volume backscatering is more readily measured than the TS of individual scaterers. In these cases is it 
crucial to have prior understanding of the TS of the type(s) of scaterers suspected to be present so that 
informa�on about the popula�on density and composi�on may be inferred from 𝑆𝑆𝑣𝑣 (e.g., Lavery et al., 
2007; Lawson et al., 2008; Vagle and Farmer, 1992).  

The possibility of volume backscatering measurements being impacted by mul�ple scatering 
may be a concern. However, it has been shown reasonable to assume that in field se�ngs there are 
generally mul�ple wavelengths between rela�vely large biological scaterers (e.g., fish) in an aggrega�on, 
so their individual target strengths sum linearly (Foote, 1982, 1983). For dense popula�ons of other 
types of targets such as microbubbles, shoals of small fishes, and krill, mul�ple scatering may impact 
measurements (Andreeva and Belousov, 1996; Basset et al., 2023). 
 

1.2.3 Scatering from gela�nous marine organisms 
 

From a scatering perspec�ve, most marine organisms fall into one of three broad categories: 
fluid-like, elas�c shelled, and gas bearing (Stanton et al., 1998). The TS spectra of organisms in these 
three groups varies considerably, with gas bearing organisms such as swim-bladdered fish being much 
stronger scaters than zooplankton falling into the elas�c shelled and fluid-like categories (Fig. 1.1). This 
is because gas-filled swim bladders are rela�vely strong scaterers of sound that dominate scatering 
from the whole fish (Foote, 1985).  Each type of scaterer warrants the use of a different TS modeling 
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approach to capture the relevant physics and there have been many models developed over the years 
for a variety of different organisms (Jech et al., 2015). 
 

 
Figure 1.1 Frequency-dependent target strength (TS) [dB re 1 m2] for several marine organisms including 
fluid-like (copepod, krill, medusa), elas�c-shelled (pteropod), and gas-bearing (fish) animals. (Adapted 
from Lavery et al. (2007)).  

 
 Despite being ubiquitous members of marine ecosystems, gela�nous organisms have been vastly 
understudied acous�cally compared to other types of organisms. Because they are difficult to sample via 
tradi�onal methods (Brierley et al., 2001), acous�cs offer an efficient remote sensing approach to 
quan�fy gela�nous biomass. Yet, sound scatering from gela�nous organisms is not well understood and 
acous�cal es�mates of their biomass are thus not well constrained (Alvarez Colombo et al., 2008; Lynam 
et al., 2006; Zi et al., 2020). Addi�onally, most acous�cal studies of gela�nous zooplankton have u�lized 
narrowband echosounder systems (e.g., Brierley et al., 2001, 2004; De Rober�s and Taylor, 2014). The 
use of broadband signals to study gela�nous zooplankton may ameliorate some of the uncertain�es 
impac�ng previous measurements provided that accurate and correctly parameterized sound scatering 
models are used to interpret the results (Lavery et al., 2010). 

Gela�nous organisms fall into the fluid-like category and are therefore best modeled using a 
formula�on based on the Distorted Wave Born Approxima�on (DWBA). The DWBA approximates a 
solu�on to the wave equa�on by assuming that the physical proper�es of the scaterer are sufficiently 
similar to the surrounding medium’s that the insonifying wavenumber inside and outside the scaterer’s 
body are equal (Stanton et al., 1998). This model formula�on is explained further in Chapter 2, where a 
3-D sound scatering model is developed for a gela�nous organism. 

As computa�onal technology has progressed, an increasing number of studies have employed 
numerical solu�ons to the DWBA to predict sound scatering from complex and irregular shapes. A 3-D 
numerical model for fluid-like krill was developed by Lavery et al. (2002) using a high-resolu�on 
computerized tomography (CT) scan of an individual. Jones et al. (2009) built upon this approach to 
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develop a similar model for squid that also incorporates 3-D inhomogenei�es in the material proper�es 
of the animal’s body. These studies found that under a wide range of condi�ons the 3-D numerical 
models outperformed analy�cal and semi-analy�cal models, which o�en oversimplify the shape of the 
organism to analy�cally solve one or more dimensions of a volume integral. Lee et al. (2012) found that a 
semi-analy�cal squid model with shape simplifica�ons performs well near broadside incidence while a 
full 3-D model can accurately predict scatering at a wide range of orienta�on angles. Hence, there are 
some cases where simplified semi-analy�cal models may provide sufficient accuracy, though 3-D 
numerical models offer more u�lity in most use cases. 
 
 

1.3 Introduc�on to estuarine fronts 
 

Oceanic fronts have been observed for decades and were first defined by Cromwell and Reid 
(1956) as a band along the sea surface where the water density changes abruptly. Early explora�ons of 
fronts focused on those in deep ocean basins (e.g., Cromwell and Reid, 1956; Katz, 1969; Knauss, 1957). 
Later studies explored the fronts that form in many estuarine environments when river discharge is 
sufficiently large rela�ve to �dal volume. For example, discharge from the Mississippi River has been 
observed to be bounded by strong fronts on both sides (Wright and Coleman, 1971), and the 
Connec�cut River plume has a sharp front at its offshore boundary (Garvine, 1974). Enhanced ver�cal 
mixing at a front has important implica�ons for estuarine circula�on, produc�vity, sediment dynamics, 
and water quality (Largier, 1993). The convergence of currents at the front also enhances surface wave 
breaking along the front, which in turn enhances the genera�on of microbubbles (Baschek et al., 2006; 
Thomson et al., 2014). 

As a known mechanism for gas exchange across the air-sea interface, in some circumstances 
bubbles generated at fronts may play a meaningful role in total gas exchange. For example, it has been 
es�mated that bubbles subducted at fronts may account for ~8% of gas exchange in the Strait of Georgia 
(Baschek et al., 2006). The density and sizes of microbubbles must be understood to constrain es�mates 
of aera�on they facilitate, yet litle is known about the bubble popula�ons in estuarine fronts. 
Downwelling at a front subducts bubbles created by surface waves and forms dense and deeply 
penetra�ng plumes that have the poten�al to interfere with acous�c opera�ons in estuarine 
environments due to their strong scatering and ex�nc�on (Basset and Lavery, 2021; Chua et al., 2021; 
Preisig, 2007). For these reasons, gaining an understanding of the bubble distribu�ons in and around 
fronts and how they are driven by frontal hydrodynamics is necessary to progress our understanding of 
estuarine systems as a whole and how to operate in them. 
 
 

1.4 Scatering and ex�nc�on from gas bubbles 
 

As opposed to fluid-like scaterers whose material proper�es are similar to their surrounding 
medium (i.e., low contrast in acous�c impedance), gas bubbles in seawater present a very strong 
acous�c impedance mismatch case where there is a large contrast between the physical proper�es 
inside and outside the bubble, resul�ng in very different scatering behavior. The following informa�on 
about sound scatering from microbubbles is summarized from Medwin and Clay (1998). 
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1.4.1 Scatering and ex�nc�on from a single bubble 
 

From a physics perspec�ve, gas bubbles are treated as gas-filled spheres. A gas-filled sphere has 
an omnidirec�onal breathing-mode resonance occurring at 𝑘𝑘𝑘𝑘 = 0.0136 at sea level, which is obtained 
from the small 𝑘𝑘𝑘𝑘 limit of the spherical modal series solu�on (Fig. 1.2), where 𝑘𝑘 is the insonifying 
wavenumber and 𝑎𝑎 is the radius. There are higher order resonances with direc�onal dependence as 
well. As the bubble’s depth increases, so does the ambient pressure and interior gas pressure, effec�vely 
making the bubble “s�ffer” so the bubble’s resonance frequency increases with depth. The resonance 
frequency also depends on surface tension, the ra�o of specific heats between inside and outside the 
bubble, and the thermal conduc�vity of the bubble.  
 

 
Figure 1.2 Qualita�ve scatering strength of a single bubble. 

  
Three different modeling approaches have been used to predict the scatering and absorp�on of 

bubbles, each with dis�nct advantages and disadvantages. The first is the modal series solu�on, which is 
an exact solu�on to the wave equa�on describing scatering from a sphere. The modal solu�on obtains 
diffrac�on contribu�ons to total scatering and accounts for direc�onal dependence. Its main drawback 
is that it ignores damping effects on the bubble’s breathing mode, which has significant ramifica�ons for 
its accuracy of ex�nc�on predic�ons. The second approach is the harmonic resonator model, which 
includes damping effects but assumes omnidirec�onal scatering. Thus, the resonator model is only 
accurate for 𝑘𝑘𝑘𝑘 ≪ 1. Third, for acous�c measurements of a popula�on of bubbles ranging in size, it is 
some�mes convenient to assume that a bubble only scaters sound at its resonance frequency, leading 
to the Resonant Bubble Approxima�on (RBA) of the resonator model. The RBA is by far the fastest model 
to calculate but is the least accurate, as it tends to overes�mate the quan�ty of small bubbles due to not 
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accoun�ng for the off-resonance contribu�ons of the larger bubbles, which can be sufficiently high to 
mask the resonant peaks of the small bubbles (Fig. 1.3). 
 
 

 
Figure 1.3 Scatering spectra for two bubbles of different sizes using all three modeling approaches. The 
tail of the larger bubble is a higher magnitude than the resonance peak of the smaller bubble, 
highligh�ng the importance of accoun�ng for off-resonance contribu�ons to total scatering and 
absorp�on from a popula�on of bubbles. Horizontal lines indicate the ranges of frequencies used in this 
disserta�on by two different measurements techniques (3-110 kHz in Chapter 3, 25-420 kHz in Chapter 
4). The orange box indicates the region where the modal series solu�on diverges from the resonator 
model for the larger bubble and shows that this region overlaps with the frequencies used in this 
disserta�on.  

 
The harmonic oscillator model may be used to calculate the resonance frequency of a given 

bubble radius 𝑎𝑎 at a given sound frequency 𝜔𝜔: 
 

𝑓𝑓𝑅𝑅 =
1

2𝜋𝜋𝜋𝜋
�

2𝛾𝛾𝛾𝛾α𝑝𝑝𝐴𝐴
𝜌𝜌𝐴𝐴

 (1.7a) 

 
𝑋𝑋 = 𝑎𝑎 �

2𝜔𝜔𝜌𝜌𝑔𝑔𝐶𝐶𝑝𝑝𝑝𝑝
𝐾𝐾𝑔𝑔

�
1/2

 (1.7b) 

 𝑑𝑑
𝑏𝑏

= 3(𝛾𝛾 − 1) �
𝑋𝑋(sinh𝑋𝑋 + sin𝑋𝑋) − 2(cosh𝑋𝑋 − cos𝑋𝑋)

𝑋𝑋2(cosh𝑋𝑋 − cos𝑋𝑋) + 3(𝛾𝛾 − 1)𝑋𝑋(sinh𝑋𝑋 − sin𝑋𝑋)� 
(1.7c) 
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where defini�ons of physical constants are summarized in Table 1.1. 
 
 
Table 1.1 Physical constants used in acous�cal bubble calcula�ons. Values are given assuming gas 
bubbles filled with air where 𝑧𝑧 is depth in meters. 

Constant Defini�on Value Unit 
𝝆𝝆𝒈𝒈 Bubble gas density  𝜌𝜌𝑔𝑔𝑔𝑔[1 + 2𝜏𝜏/(𝑝𝑝𝐴𝐴𝑎𝑎)](1 + 0.1𝑧𝑧) g/cm3 
𝒑𝒑𝑨𝑨 Ambient pressure 1.013 × 106(1 + 0.1𝑧𝑧) dynes/cm2 
𝝆𝝆𝒈𝒈𝒈𝒈 Density of free gas at 

sea level 
1.29 × 10−3 g/cm3 

𝑪𝑪𝒑𝒑𝒑𝒑 Specific heat at constant 
pressure of bubble gas 

0.24 cal/(g °C) 

𝑲𝑲𝒈𝒈 Thermal conduc�vity of 
bubble gas 

5.6 × 10−5 cal/(cm s °C) 

𝜸𝜸 Ra�o of specific heats of 
bubble gas 

1.4 None 

𝝉𝝉 Surface tension at the 
air/water interface 

75 dynes/cm 

 
 
The effects of thermal conduc�vity and shear viscosity manifest in the harmonic resonator model as the 
total damping constant: 

 𝛿𝛿 = 𝛿𝛿𝑟𝑟 + 𝛿𝛿𝑡𝑡 + 𝛿𝛿𝑣𝑣 (1.8) 
   

where 𝛿𝛿𝑟𝑟 = 𝑘𝑘𝑘𝑘 is reradia�on (i.e., scatering) damping, 𝛿𝛿𝑡𝑡  is thermal damping, and 𝛿𝛿𝑣𝑣 is viscous 
damping. They are calculated as: 

 𝛿𝛿𝑟𝑟 = 𝑘𝑘𝑘𝑘 (1.9a) 
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2

 (1.9b) 

 𝛿𝛿𝑣𝑣 =
4𝜇𝜇

𝜌𝜌𝐴𝐴𝜔𝜔𝑎𝑎2
 (1.9c) 

 
where 𝜇𝜇 is the dynamic viscosity of water (= 0.0014 kg/(m s)) and 𝜌𝜌𝐴𝐴 is the density of ambient seawater 
(1030 kg/m3). The ex�nc�on cross sec�on of a single bubble is given by the harmonic resonator model 
as  

 
𝜎𝜎𝑒𝑒 =

4𝜋𝜋𝑎𝑎2(𝛿𝛿/𝛿𝛿𝑟𝑟  )
[(𝑓𝑓𝑅𝑅/𝑓𝑓)2 − 1]2 + 𝛿𝛿2

 (1.10) 
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where 𝑓𝑓 is frequency and the subscript 𝑅𝑅 indicates the value at resonance. The scatering cross sec�on 
can be derived from the ex�nc�on cross sec�on by  
 

 𝜎𝜎𝑒𝑒
𝜎𝜎𝑠𝑠

=
𝛿𝛿
𝛿𝛿𝑟𝑟

. (1.11) 

 
Despite being most accurate near and below resonance, at high frequencies the harmonic 

resonator model for the scatering cross sec�on converges to a value four �mes that of the modal series 
solu�on because it does not include higher order resonances (Fig. 1.4). Thus, for numerical calcula�ons 
of predicted backscatering in this disserta�on, a hybrid scatering model was generated using the 
resonator model for 𝑘𝑘𝑘𝑘 < 0.1 and the modal solu�on for 𝑘𝑘𝑘𝑘 > 0.1 (Fig. 1.4), following the approach of 
Lavery et al. (2007). 
 

 
Figure 1.4 Predicted backscatering cross sec�on for a bubble of radius 100 μm, including a hybrid model 
comprised of the resonator model for 𝑘𝑘𝑘𝑘 < 0.1 and the modal solu�on for 𝑘𝑘𝑘𝑘 > 0.1. 

 
For predic�ng a bubble’s ex�nc�on cross sec�on, the modal series solu�on and harmonic 

resonator model agree reasonably well above resonance, however the modal solu�on overes�mates 
ex�nc�on at resonance and underes�mates ex�nc�on below resonance due to not including the 
damping effects of reradia�on, thermal conduc�vity, and viscous forces (Fig. 1.5). Thus, the resonator is 
the all-around most accurate model to represent bubble ex�nc�on and is used throughout this 
disserta�on. 
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Figure 1.5 Predicted ex�nc�on cross sec�on for a bubble of radius 100 μm. 

 

1.4.2 Scatering and ex�nc�on from many bubbles 
 

In prac�ce, acous�cal measurements of a popula�on of bubbles of a range of sizes are much 
more likely than measurements of single, isolated bubbles. As stated in Sec�on 1.2.2, echoes from 
mul�ple bubbles are assumed to sum incoherently. The volume backscatering coefficient for a 
popula�on of oceanic bubbles following a con�nuous distribu�on of sizes is expressed via the resonator 
model as 

 
𝑠𝑠𝑣𝑣 = �Δ𝜎𝜎𝑏𝑏𝑏𝑏,𝑁𝑁

𝑁𝑁

= � [𝑛𝑛(𝑎𝑎)𝑑𝑑𝑑𝑑][Δ𝜎𝜎𝑠𝑠(𝑎𝑎,𝑓𝑓)]
𝑎𝑎

= �[𝑛𝑛(𝑎𝑎)𝑑𝑑𝑑𝑑] �
𝑎𝑎2

[(𝑓𝑓𝑅𝑅/𝑓𝑓)2 − 1]2 + 𝛿𝛿2(𝑓𝑓)
�

𝑎𝑎
  (𝑘𝑘𝑘𝑘 < 1) 

(1.12) 

 
where 𝑛𝑛(𝑎𝑎)𝑑𝑑𝑑𝑑 is the bubble size distribu�on given by the number of bubbles per unit volume, 𝑛𝑛(𝑎𝑎), of 
radius between 𝑎𝑎 and 𝑎𝑎 + 𝑑𝑑𝑑𝑑. A radius increment (𝑑𝑑𝑑𝑑) of 1 μm is commonly used. This integral is 
straigh�orward to numerically integrate for a given frequency over a known bubble size distribu�on. 
However, when 𝑠𝑠𝑣𝑣 is measured for an unknown 𝑛𝑛(𝑎𝑎)𝑑𝑑𝑑𝑑, the integral becomes ill-posed so inver�ng it for 
𝑛𝑛(𝑎𝑎)𝑑𝑑𝑑𝑑 directly is imprac�cal.  

A straigh�orward way to es�mate 𝑛𝑛(𝑎𝑎)𝑑𝑑𝑑𝑑 from 𝑠𝑠𝑣𝑣 is to assume bubbles scater sound only at 
their resonance frequency (i.e., the Resonant Bubble Approxima�on (RBA)). Besides assuming that 
scatering is dominated by resonant bubbles, the RBA also assumes that 𝑛𝑛(𝑎𝑎)𝑑𝑑𝑑𝑑 and 𝛿𝛿(𝑓𝑓) are near 
constant around resonance so that 𝑛𝑛(𝑎𝑎) may be factored out of the integral to obtain the RBA 
expression for 𝑠𝑠𝑣𝑣: 
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𝑠𝑠𝑣𝑣 ≈

𝜋𝜋𝑎𝑎𝑅𝑅3𝑛𝑛(𝑎𝑎𝑅𝑅)
2𝛿𝛿𝑅𝑅

. (1.13) 

 
Likewise, the ex�nc�on cross sec�ons of individual bubbles are assumed to sum incoherently to yield the 
ex�nc�on cross sec�on per unit volume for a popula�on of bubbles of a con�nuous distribu�on of sizes: 
 

 
𝑠𝑠𝑒𝑒 = � 𝜎𝜎𝑒𝑒𝑛𝑛(𝑎𝑎)𝑑𝑑𝑑𝑑 = �

4𝜋𝜋𝑎𝑎2(𝛿𝛿/𝛿𝛿𝑟𝑟 )𝑛𝑛(𝑎𝑎)𝑑𝑑𝑑𝑑
[(𝑓𝑓𝑅𝑅/𝑓𝑓)2 − 1]2 + 𝛿𝛿2

∞

0

∞

0
   (𝑘𝑘𝑘𝑘 < 1). (1.14) 

 
Then, the atenua�on rate due to bubbles for an acous�c signal traveling through bubbly water in dB/m 
rela�ve to 1 W is 

 𝛽𝛽 = 4.34𝑠𝑠𝑒𝑒 (1.15) 
 
where the factor of 4.34 comes from the conversion to decibels. The RBA expression for 𝑠𝑠𝑒𝑒 is thus 
 

 
𝑠𝑠𝑒𝑒 ≈

2𝜋𝜋2𝑎𝑎𝑅𝑅3𝑛𝑛(𝑎𝑎𝑅𝑅)
𝛿𝛿𝑅𝑅

 (1.16) 

 
and the RBA expression for the excess atenua�on in dB/m is 
 

 
𝛽𝛽 ≈

85.7𝑎𝑎𝑅𝑅3𝑛𝑛(𝑎𝑎𝑅𝑅)
𝛿𝛿𝑅𝑅

. (1.17) 

 
The main disadvantage of approxima�ng 𝑛𝑛(𝑎𝑎)𝑑𝑑𝑑𝑑 from the RBA is that this approach does not account 
for off-resonance contribu�ons to scatering, which could be significant in the presence of larger bubbles 
(Fig. 1.3), poten�ally leading to overes�mates of the density of smaller bubbles (Fig. 1.6).  
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Figure 1.6 Comparison of bubble size distribu�on inversion results from (b) atenua�on and (d) volume 
backscatering for a model bubble distribu�on ((a), (c)) based on observa�ons under breaking waves 
(Baschek et al., 2006; Deane and Stokes, 2002). 𝑛𝑛(𝑎𝑎) = 𝐴𝐴1𝑎𝑎−3/2 for 𝑎𝑎 ≤ 1000 𝜇𝜇𝜇𝜇 and 𝑛𝑛(𝑎𝑎) =
𝐴𝐴2𝑎𝑎−10/3 for 𝑎𝑎 > 1000 𝜇𝜇𝜇𝜇, where 𝐴𝐴1 = 105 and 𝐴𝐴2 = 𝐴𝐴1 × (1000 𝜇𝜇𝜇𝜇)−3/2/(1000 𝜇𝜇𝜇𝜇)−10/3. b) Eq. 
(1.17) was used to calculate a predicted 𝛽𝛽 [dB/m re 1 W] for the “true” 𝑛𝑛(𝑎𝑎) in (a), which was then fed 
into the inversion loop method described by Caruthers et al. (1999) and the RBA. An addi�onal 𝛽𝛽 was 
calculated from the inversion loop output to demonstrate its accuracy. In this example the RBA 
overes�mates the density of smaller bubbles due to neglec�ng off-resonance contribu�ons to ex�nc�on. 
The process is repeated in (c) and (d) for volume backscatering from the same 𝑛𝑛(𝑎𝑎) and is discussed 
further in Chapter 4. The RBA es�mates a higher density of smaller bubbles than the inversion does, 
however both calcula�on methods overes�mate 𝑛𝑛(𝑎𝑎) from volume backscatering for the model bubble 
size distribu�on, which may include larger bubbles than expected in a field se�ng. 

 
Several approaches have been developed to es�mate 𝑛𝑛(𝑎𝑎)𝑑𝑑𝑑𝑑 from 𝑠𝑠𝑣𝑣 and 𝛽𝛽 while accoun�ng 

for off-resonance contribu�ons. Commander and McDonald (1991) described a rather involved finite-
element approach that has been used in several studies with narrowband measurements (Farmer et al., 
1998; Terrill and Melville, 2000). Caruthers et al. (1999) developed a simpler, broadband approach that 
starts with the RBA and then employs an itera�ve loop to correct for off-resonance contribu�ons. 
Another broadband approach developed by Czerski (2012) converts the problem into a straigh�orward 
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matrix inversion, though the results appear to be less accurate than the Caruthers et al. (1999) approach. 
The itera�ve loop method described by Caruthers et al. (1999) for inver�ng broadband atenua�on is 
used in Chapter 3 to obtain 𝑛𝑛(𝑎𝑎)𝑑𝑑𝑑𝑑 es�mates (e.g.,, Fig. 1.6). This method was also adapted to obtain 
𝑛𝑛(𝑎𝑎)𝑑𝑑𝑑𝑑 es�mates from broadband backscater measurements in Chapter 4. 

As a modeling exercise, a hypothe�cal depth-dependent bubble size distribu�on was generated 
using the observed power laws and Hinze scale from Deane and Stokes (2002) and the depth 
dependence given by Baschek et al. (2006) for a wave with 1 m amplitude (See Fig. 1.6 cap�on): 
 

 𝑛𝑛(𝑎𝑎, 𝑧𝑧) = 𝛽𝛽0𝑎𝑎𝛼𝛼𝑒𝑒𝑧𝑧/𝛿𝛿 (1.18) 
 
where  𝑛𝑛(𝑎𝑎, 𝑧𝑧) is the bubble density per unit volume for bubble radius 𝑎𝑎 = 20 to 5000 𝜇𝜇m at depth 𝑧𝑧, 
𝛽𝛽0 = 1 × 105 is an arbitrary scaling factor, 𝛼𝛼 = [−3/2,−10/3] is the power law slope, and 𝛿𝛿 is the 
bubble entrainment depth equal to 1/4 of the wave amplitude (Fig. 1.7). 
 

 
Figure 1.7 Model depth-dependent bubble size distribu�on generated from Deane and Stokes (2002) 
and Baschek et al. (2006). Same formula�on of 𝑛𝑛(𝑎𝑎) as in Figure 1.6 with an added factor of 𝑒𝑒−𝑧𝑧/𝛿𝛿, 
where 𝑧𝑧 is depth [m] and 𝛿𝛿 = 1/4. 

 
The frequency-dependent atenua�on, 𝛽𝛽 [dB/m re 1 W], was predicted for 𝑛𝑛(𝑎𝑎, 𝑧𝑧) using the 

RBA, resonator model, and modal series solu�on (Fig. 1.8). Whether 𝛽𝛽 was calculated using the physical 
proper�es of seawater or freshwater did not significantly impact the result. The forward atenua�on 
calcula�on demonstrates where the RBA falls short, as by not including off-resonance contribu�ons it 
predicts too litle atenua�on at the higher frequencies corresponding to smaller bubbles. The resonator 
model and modal series solu�on agree reasonably well despite the modal solu�on underes�ma�ng 
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ex�nc�on below resonance, highligh�ng the rela�ve importance of accurately predic�ng ex�nc�on at 
and above resonance.  
 

 
Figure 1.8 Modeled atenua�on [dB/m re 1 W] for a depth-dependent bubble size distribu�on using the 
Resonant Bubble Approxima�on (RBA), resonator model, and modal series solu�on. 

 
 The frequency-dependent volume backscatering coefficient, 𝑆𝑆𝑣𝑣, was also predicted for 𝑛𝑛(𝑎𝑎, 𝑧𝑧) 
using the RBA, resonator, modal series solu�on, and the hybrid resonator-modal series models described 
in Sec�on 1.4.1 (Fig. 1.9). Like the forward atenua�on calcula�on, the forward backscatering calcula�on 
shows where the RBA underes�mates volume backscatering due to ignoring off-resonance contribu�ons 
at higher frequencies. The modal series solu�on overes�mates volume backscatering because its 
ignorance of damping effects causes it to overshoot the magnitude of backscatering at resonance. At 
higher frequencies, the resonator model overes�mates volume backscatering due to not accoun�ng for 
higher order resonances. The hybrid model offers the most accurate predic�on of volume backscatering 
across the widest range of frequencies (Fig. 1.9).  
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Figure 1.9 Modeled volume backscatering spectra [dB re 1 m-1] vs. frequency for a depth-dependent 
bubble size distribu�on using the Resonant Bubble Approxima�on (RBA), resonator model, modal series 
solu�on, and a hybrid resonator-modal series model. 

 
In prac�ce, volume backscatering measurements would be subject to extra transmission loss as 

the signal travels through bubbly water, so 𝑆𝑆𝑣𝑣 was addi�onally predicted for 𝑛𝑛(𝑎𝑎, 𝑧𝑧) accoun�ng for 
es�mated excess transmission loss with 𝛽𝛽0 = 1 × 103 (Fig. 1.10). Provided that the bubble distribu�on 
varies with depth, the excess transmission loss was es�mated at each depth by integra�ng over the 
predicted atenua�on across shallower depths, then subtrac�ng two �mes the predicted atenua�on 
from the uncorrected volume backscatering spectrum to account for the signal’s two-way travel (Fig. 
1.10). Excess transmission loss has the greatest impact at lower frequencies which correspond to larger 
bubbles. The RBA s�ll underes�mates volume backscatering strength with excess transmission 
accounted for (Fig. 1.10). 
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Figure 1.10 Modeled volume backscatering spectra [dB re 1 m-1] vs. frequency for a depth-dependent 
bubble size distribu�on and accoun�ng for es�mated excess transmission loss accumulated over two-
way travel from the surface. The 𝑛𝑛(𝑎𝑎) used in this calcula�on was equivalent to that in Figure 1.6-9 but 
with 𝐴𝐴1 = 103. 

 
 

1.4.3 Sensi�vity of inversion calcula�on 
 

Because the overall spectral behavior of atenua�on from bubbles is similar to that of 
backscatering, the following exercises exploring the sensi�vity of the inversion calcula�on were 
calculated using the atenua�on inversion on the model 𝑛𝑛(𝑎𝑎, 𝑧𝑧 = 0) described in the previous sec�on 
and it is assumed that the volume backscatering inversion would yield comparable results. It is also 
important to note that for all inversion results reported in Chapters 3 and 4, the yielded es�mate of 𝑛𝑛(𝑎𝑎) 
has been plugged back into the forward calcula�on to ensure that the measured atenua�on/volume 
backscater is recovered with reasonable accuracy. 

First, let us explore whether the bandwidth of the acous�cal measurement has a significant 
impact on the inversion result. To simulate measurements of different bandwidths, 𝑛𝑛(𝑎𝑎) was plugged 
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into the forward atenua�on calcula�on to obtain 𝛽𝛽(𝑓𝑓) over a specified frequency band, and this result 
was then plugged into the inversion to yield the es�mated 𝑛𝑛(𝑎𝑎) obtained from a “measurement” over 
that frequency band. The larger bubbles significantly influence atenua�on and scatering from the 
en�re bubble popula�on and these bubbles are detected with lower frequencies, so a series of 
inversions were calculated while varying the minimum frequency in the band (Fig. 1.11). The choice of 
maximum frequency (410 kHz) does not significantly impact the inversion results because the 
corresponding smaller bubbles have litle impact on the atenua�on spectrum, so only the minimum 
frequency was varied. The results from this exercise suggest that the lower the minimum measurement 
frequency, the more accurate the inversion result (Fig. 1.11). This highlights the importance of detec�ng 
the larger bubbles, as failing to capture them may lead to overes�mates of the density of the smaller 
bubbles. 
 
 

 
Figure 1.11 Es�mated bubble size distribu�on from simulated atenua�on measurements using 
frequency bands with a maximum frequency of 410 kHz and varying minimum frequency. Agreement 
with the “True 𝑛𝑛(𝑎𝑎)” indicates accuracy. 

 
 Next, let us consider the frequency ranges used in this disserta�on. Chapter 3 uses a 
measurement frequency range of 3-110 kHz for atenua�on while Chapter 4 uses a range of 25-410 kHz 
for volume backscatering. Measurements of 𝛽𝛽 were simulated for both frequency bands and plugged 
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into the inversion as described in the preceding paragraph to examine whether one frequency band 
would yield more accurate 𝑛𝑛(𝑎𝑎) es�mates than the other (Fig. 1.12.a). Disagreement between the two 
frequency bands would suggest that the two measurement methods are not comparable, however the 
results from this exercise show reasonably good agreement in the es�mated bubble size distribu�on for 
both frequency bands (Fig. 1.12.a). While neither frequency band yields an accurate bubble size 
distribu�on below a bubble radius of 102 𝜇𝜇m, they at least agree with one another well enough that 
measurements using both frequency bands may be compared.  
 

 
Figure 1.12 Es�mated bubble size distribu�ons from simulated atenua�on measurements over the 
frequency bands used in this disserta�on. a) Inversion results over 3-110 kHz (Chapter 3) and 25-410 kHz 
(Chapter 4). b) Inversion results over 3-110 kHz (full band used in Chapter 3) and 30-110 kHz (par�al 
band omi�ng saturated 3-30 kHz signal in Chapter 3 field measurements).  

 
Another concern with the measurements presented in Chapter 3 is that the 3-30 kHz por�on of 

the transmited 3-110 kHz frequency band was saturated in the field, yielding a usable atenua�on 
measurement band of 30-110 kHz. To examine the poten�al impact of omi�ng the saturated sec�on of 
the frequency band, inversions were calculated using simulated measurements over the full 3-110 kHz 
band and over the truncated 30-110 kHz band (Fig. 1.12.b). Although limited to a much smaller range of 
bubble sizes, the truncated frequency band predicted 𝑛𝑛(𝑎𝑎) with comparable accuracy to the full band, 
allevia�ng concerns about the saturated signal yielding significantly less accurate inversion results. 
However, none of the frequency bands used in this disserta�on appear to accurately recover the true 
𝑛𝑛(𝑎𝑎) for radii smaller than 102 𝜇𝜇m (Fig 1.12), which raises the ques�on of whether we actually expect to 
observe the range of bubble sizes modeled here. 
 Last, let us examine the impact of the range of bubble sizes present on inversion accuracy. The 
range of radii in a bubble cloud changes as bubbles rise to the surface or dissolve, and the loss of larger 
bubbles par�cularly impacts acous�cal measurements. To vary the range of radii in the bubble size 
distribu�on, 𝑛𝑛(𝑎𝑎) was generated using just the specified range of radii and the predicted atenua�on 
was calculated for 3-110 kHz, then fed into the inversion calcula�on (Fig. 1.13). Like how the high-
frequency cutoff had litle impact on inversion results, the choice of minimum bubble radius also had 
litle impact on the inversion result so was fixed at 20 𝜇𝜇m while the maximum radius was varied. The 
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results from this exercise suggest that the inversion is reasonably accurate when the maximum radius is 
below the Hinze scale (i.e., all bubbles are smaller than 1000 𝜇𝜇m radius). The presence of bubbles larger 
than the Hinze scale yields overes�mates of the density of smaller bubbles (Fig. 1.13). Therefore, for 
measurements of real bubble popula�ons, it would be prudent to es�mate the largest bubble size 
expected to be present in the measurement volume to gain a sense of uncertainty in the es�mated 
bubble size distribu�on. For example, simulated measurements over a bubble size distribu�on of 20-500 
𝜇𝜇m (Fig. 1.14) yield more accurate inversion results than simulated measurements over a bubble size 
distribu�on 20-5000 𝜇𝜇m (Fig. 1.12.a). 
 
 

 
Figure 1.13 Es�mated bubble size distribu�on from simulated atenua�on measurements of a model 
bubble size distribu�on with a minimum radius of 20 𝜇𝜇m and varying maximum radius. Agreement with 
the “True 𝑛𝑛(𝑎𝑎)” indicates accuracy. 
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Figure 1.14 Es�mated bubble size distribu�ons from simulated atenua�on measurements over the 
frequency bands used in this disserta�on. The “True 𝑛𝑛(𝑎𝑎)” includes bubbles of radii 20-500 𝜇𝜇m. 

 
 

1.5 Disserta�on overview and contribu�ons 
 
 Drawing meaningful insights from acous�c data requires an understanding of the underlying 
physical principles governing how acous�c signals interact with objects of interest. This understanding 
may then be applied to a broad range of problems. This disserta�on combines laboratory experiments, 
field observa�ons, and theore�cal scatering model development to address topics related to scatering 
from both very weak scaterers and very strong scaterers, represen�ng two extremes on the spectrum 
of scatering from bounded objects.  
 Chapter 2 explores the process of developing a physics-based sound scatering model for a 
common species of scyphozoan jellyfish using the Distorted Wave Born Approxima�on (DWBA), which 
describes scatering from fluid-like objects. The jellyfish sound scatering model is built using the 
approximate shape of a jelly’s bell and can be adjusted to represent each flexion state of the jelly’s 
swimming pulsa�ons, ranging from a fully contracted bell to fully relaxed. The model is then validated 
with controlled, laboratory target strength (TS) measurements of live jellies. 
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 Chapters 3 and 4 apply exis�ng sound scatering models to examine gas bubbles associated with 
estuarine �dal fronts. While bubble size distribu�ons under breaking waves in the lab and open ocean 
have been extensively studied, litle is known about the densi�es and size distribu�ons of bubbles 
entrained in fronts. Yet, �dal fronts facilitate air-sea gas exchange in coastal environments and have the 
poten�al to interfere with acous�c communica�ons and sonar performance in these environments. The 
aim of these chapters is to develop some understanding of the bubble size distribu�on and its driving 
physical mechanisms in a frontal system. Specifically, Chapter 3 describes a towable instrument 
developed to measure broadband excess atenua�on from bubbles in the field, from which the bubble 
size distribu�on is inferred using exis�ng scatering models. The instrument was tested in a laboratory 
wave tank and its performance was validated with exis�ng measurements of bubbles under breaking 
waves. Then, the bubble size distribu�on was es�mated from measurements of the Connec�cut River 
�dal ebb plume front. This chapter presents es�mates of the bubble size distribu�on in a �dal front 
inferred from atenua�on measured by this towed instrument. 
 Chapter 4 considers the rela�onship between bubbles entrained in a front and the influence of 
kinema�cs on the bubble density and size distribu�on. This chapter uses measurements of broadband 
volume backscatering from which the bubble size distribu�on is inferred using exis�ng scatering 
models. The bubble size distribu�on was examined with varying depth in the convergence zone of the 
front where it is subject to a strong downwelling current, as well as with varying distance away from the 
front where small bubbles subducted at the front are then advected. This chapter presents observa�ons 
of spa�al trends in the bubble size distribu�on associated with the Connec�cut River front and 
speculates about how these trends might be driven by kinema�cs of the front. 
 Chapter 5 contains closing comments summarizing the contribu�ons of this disserta�on to the 
field of acous�cal oceanography. The significance and broader impacts of the work presented are 
discussed as well as recommenda�ons for future studies. 
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2 Broadband backscatering from scyphozoan 
jellyfish 

 
Reproduced from Rachel E. Kahn, Andone C. Lavery, Annete F. Govindarajan; Broadband backscatering 
from scyphozoan jellyfish. J. Acoust. Soc. Am. 1 May 2023; 153 (5): 3075-. 
 htps://doi.org/10.1121/10.0019577, with the permission of the Acous�cal Society of America. 
 

2.1 Introduc�on 
 
  Jellyfish popula�ons and bloom occurrences have been observed to increase globally over the 
past several decades (Brotz et al., 2012; Duarte et al., 2013; Mills, 2001). This increase could be due in 
part to extra habitat for benthic jellyfish polyps associated with ar�ficial structures in coastal areas 
(Duarte et al., 2013). It could also be due to other seasonal and anthropogenic factors that permit 
jellyfish to flourish in environments where other pelagic species are unable to sustain their popula�ons 
(Richardson et al., 2009 and references therein), including overfished ecosystems (Lynam et al., 2006). 
However, there is litle evidence to support claims that jellyfish blooms are exacerbated by 
anthropogenic stressors (Pit et al., 2018), indica�ng a need to beter understand and monitor their 
popula�ons. Jellyfish abundance and biomass could be an indicator of ecosystem health and 
produc�vity, especially as their role in marine ecosystems as both predator and prey is becoming beter 
understood (Pauly et al., 2009), as well as their impact on human ac�vi�es like tourism, aquaculture, and 
power plant opera�ons (Baliarsingh et al., 2020; Clinton et al., 2021; Zi et al., 2020).  

While es�mates of jellyfish biomass and distribu�on would permit beter understanding of their 
popula�on dynamics, they are challenging to survey by tradi�onal methods as their gela�nous bodies 
are either easily damaged by sampling nets or occur in such high abundance that they clog and burst the 
nets (Brierley et al., 2001). Op�cal sensing and aerial surveys provide other means for studying jellyfish 
in situ, however the high atenua�on of light in water permits a rela�vely small sampling volume, 
rendering op�cal methods inefficient and rela�vely uncertain for large-scale abundance es�mates 
(Båmstedt et al., 2003; Graham et al., 2003; Houghton et al., 2006). Acous�c surveys provide a means of 
surveying jellyfish on a larger scale and have been used in mul�ple studies, in conjunc�on with other 
sampling methods such as trawls and video footage, to enumerate jellyfish and characterize their 
distribu�ons (Alvarez Colombo et al., 2008; Båmstedt et al., 2003; Brierley et al., 2001; Graham et al., 
2010; Kim et al., 2016b; Yoon et al., 2019; Zi et al., 2020). 

This inves�ga�on focused on modeling the acous�c target strength (TS) of a medusoid jellyfish 
(Cnidaria: Scyphozoa) and verifying the TS with controlled, broadband laboratory measurements. TS is a 
complex func�on of size, morphology, orienta�on, and material proper�es (i.e., the density and sound 
speed of an organism’s �ssue (Stanton et al., 1994)). Jellies are acous�cally classified as fluid-like, weakly 
scatering organisms (Stanton, 1996), so the Distorted Wave Born Approxima�on (DWBA) was used to 
formulate the scatering model. An approximate 3-D medusa shape was developed and digi�zed to 
calculate a medusa’s predicted target strength. To reflect the diversity of different species of medusae as 
well as swimming-related cyclical changes in shape, the parameters of the model can be tuned to reflect 
various morphologies and material proper�es. This study presents data and modeling results obtained 
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for live individuals of a species of sea netle, Chrysaora chesapeakei, represen�ng a common 
morphology of medusa. 

A known TS for medusae is crucial for making accurate abundance es�mates from 
measurements of volume scatering. Most acous�c studies on jellies have focused on measuring TS at 
mul�ple narrowband frequencies commonplace for fisheries applica�ons. A broadly used method of 
measuring medusa TS is by analyzing in situ backscatering measurements, by detec�ng single targets 
(Alvarez Colombo et al., 2008; Brierley et al., 2004; Cimino et al., 2018; De Rober�s and Taylor, 2014; Kim 
et al., 2016b; Yoon et al., 2012) and/or by a combina�on of echo integra�on and trawls/video to obtain a 
rela�onship between echo intensity and numerical density (Båmstedt et al., 2003; Brierley et al., 2001). 
A handful of studies have obtained ex situ TS measurements in either a controlled laboratory se�ng or a 
semi-controlled open water enclosure (Hirose et al., 2005, 2009; Kang et al., 2014; Monger et al., 1998; 
Mutlu, 1996; Yoon et al., 2015, 2010). Cyclical oscilla�ons in TS of magnitudes up to 15 dB have been 
observed due to a medusa’s swimming pulsa�ons (Brierley et al., 2004), however the use of narrowband 
signals limits the amount of informa�on available related to varia�ons in size and shape. 

TS is determined by mul�ple animal parameters, so an accurate medusa scatering model is 
essen�al to verify and give predic�ve power to measurements. Few studies have atempted to model 
backscatering from medusae. The first medusa scatering model was developed by Monger et al. (1998) 
and used a ray-based approxima�on to predict backscatering at broadside incidence. Their ellipsoid-
based model shape was later reformulated into a DWBA-based model (Graham et al., 2010). Other 
studies employing DWBA-based scatering models u�lized the outer shape of the medusa’s bell, 
obtained from side-angle images and assuming radial symmetry (Lee and Hwang, 2009; Shin et al., 2019; 
Yoon et al., 2019).  

Acous�c scatering models based on simple shapes are useful for predic�ng the TS of biological 
organisms, however oversimplifica�on results in inaccuracies. Balancing ease of use and accuracy are the 
primary drivers for these physics-based scatering models. In this paper, I approximate the medusa shape 
with two par�al spherical caps to construct the oral and aboral surfaces of the bell and vary the width-
height aspect ra�o to predict changes in TS from swimming pulsa�ons. Much of the physics can be 
captured by accurately represen�ng the outer boundaries of the organism, assuming small internal 
inhomogenei�es are insignificant contributors to scatering.  

Broadband techniques have been widely used for both laboratory and field measurements of 
organisms (Jones et al., 2009; Lavery et al., 2002, 2010; Stanton, 1996). Previous work employing 
broadband signals to detect jellies took place in a laboratory se�ng and u�lized a frequency band 
centered at 1 MHz (Vasile et al., 2016), a much shorter wavelength with higher atenua�on than what is 
prac�cal for field deployments. This study presents broadband backscatering measurements of 
individual medusae collected with a system suitable for field opera�ons and frequency range used 
commonly for fisheries (52-161 kHz) and compares them with model predic�ons. 
 
 

2.2 Experimental methods 
 

2.2.1 System descrip�on  
 

The echosounders used to collect TS measurements consisted of two Kongsberg Simrad split-
beam, broadband, transducers (ES70-7CD and ES120-7CD), a Simrad Wide Band Transceiver (WBT) Tube 
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(Simrad, Egersund, Norway), and a data acquisi�on laptop running Windows 10 with the Simrad EK80 
so�ware applica�on for data acquisi�on. The split-beam transducers allowed for the localiza�on of a 
target in the beam and correc�on of off-axis beam parameters as appropriate. A video camera (Sony 
SNC-VB770 with Sony SEL35F28Z lens) was mounted in a pressure housing adjacent to the transducers to 
collect coincident video and s�ll images of the jellies. The Simrad EK80 data acquisi�on so�ware for 
acous�c data and VLC media player for video footage collec�on were run simultaneously on the single 
data acquisi�on laptop to ensure that �me was synced between the video and acous�cs. A custom 
acous�cal-op�cal data moun�ng pla�orm was designed using an exis�ng stainless steel frame (Lavery et 
al., 2010) and a laser-cut PVC base-plate, where the two broadband transducers were mounted in a 
downward-looking orienta�on. The Simrad WBT Tube was atached ver�cally in the frame. The video 
camera and Tube were powered from the same power supply. 

Experimental trials were conducted in August-September 2021 in a cylindrical test tank about 3 m 
wide and 3 m deep. The tank was filled with filtered seawater, and the temperature and salinity were 
measured to determine the sound speed of water in the tank. The data acquisi�on system was lowered 
into the tank via an overhead crane system. 

 

2.2.2 Acous�c calibra�on 
 

A laboratory calibra�on was performed in August 2021. The echosounders were calibrated in the 
tank using a spherical, 38.1-mm-diameter, tungsten carbide with 6% cobalt standard target, which was 
tethered on fishing line approximately 2.5 m below the transducers. The EK80 standard calibra�on 
so�ware was used to collect data in all four sectors and the center of each split-beam transducer. 
Calibra�on curves for both transducers were calculated from the matched filter output following the 
method of Lavery et al. (2017), and it was determined that the ES70 had a usable frequency band of 52-
90 kHz and the ES120 had a usable band of 93-161 kHz (Fig. 2.1). A consistent set of opera�onal 
parameters for the echosounders was used for the en�re dura�on of this study (Table 2.1). A calibra�on 
for the video camera was unnecessary and thus not performed. 

 

 

Figure 2.1 Calibra�on curves for ES70 and ES120 transducers [dB re 1 m2]. Solid black sec�ons of the 
curves indicate the frequency bands included in analyses. Doted sec�ons indicate tails of the frequency 
bands not included in analyses. 
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Table 2.1 Opera�onal parameters for the echosounders used in this study. 

 ES70-7CD ES120-7CD 

Pulse Dura�on (ms) 0.512 0.512 

Decimated Sampling Frequency (ms) 0.016 0.008 

Start Frequency (kHz) 45 90 

End Frequency (kHz) 90 170 

Power (W) 500 400 

Ping Rate (Hz) 10 10 

 

2.2.3 TS measurements of live jellies 
 

Experimental measurements of live medusae were performed in August-September 2021. Nine 
sea netles (each referred to as “Jelly #”) were collected locally in Woods Hole, MA (41° 31’ 26.136” N, 
70° 40’ 15.821” W). Buckets were used to scoop the medusae from beside a dock or from a boat. 
Because different species co-occur and iden�fica�on is challenging (Bayha et al., 2017), DNA barcoding 
was conducted to confirm the iden�ty of my specimens as Chrysaora chesapeakei2. The medusae were 
stored in buckets of seawater for up to 2 days in the lab, though acous�cal measurements were taken 
either the same day the medusae were collected or the following day. Care was taken throughout the 
experiment to keep them fully submerged in seawater un�l a�er TS measurements were collected to 
avoid trapping air bubbles, which can contaminate acous�cal measurements with their rela�vely strong 
scatering.  

The medusae were too buoyant and mo�le to allow for free swimming measurements to be 
taken, so they were tethered in place and measurements were collected on just one individual at a �me 
while fixed near the center of each transducer beam. The tether consisted of a piece of fishing line, 
which was strung on a needle and threaded through the central oral-aboral axis of the medusa. A steel 
shackle was �ed to the end of the line to weigh it down such that the medusa would be oriented aboral 
(bell top) side up. The aboral end of the line was �ed to the botom of a ~2-m long loop of fishing line 
atached to the data acquisi�on system. Another piece of fishing line was �ed to each side of the loop 
and was pulled and anchored to opposite sides of the tank, crea�ng a wide “V” shape that acted as a 
barrier for the medusa as it pulsed upward (Fig. 2.2). This configura�on of fishing lines and shackle 
allowed the medusa to remain sta�onary while pulsing and did not appear to affect its movements (see 
htps://doi.org/10.1121/10.0019577 for example footage of a tethered, pulsing medusa in the test tank), 
and the two side-anchor lines were used to manipulate the posi�on of the medusa. A 2‘x2’ piece of 

https://doi.org/10.1121/10.0019577


38 
 

black PVC was placed on the botom of the tank as a background for the medusa to enhance visibility in 
the video footage. Acous�c TS measurements were collected using the single target detec�on tool in 
EK80 to verify that the medusa was located within around 2.5 degrees of the center of the beam. 
Corresponding down-looking video footage was collected simultaneously. Measurements were collected 
con�nuously for ~10 minutes per transducer while the medusa was pulsing at a rate of ~0.6 Hz (verified 
from video footage) to ensure that a sufficient number of echoes were recorded for the different flexion 
states of the animal. 

 
 

 

Figure 2.2 Schema�c of experimental setup. The video camera and WBT Tube are connected to a power 
supply and the data acquisi�on laptop is located on a nearby lab bench. A medusa was tethered on a 
single strand of monofilament line, which was weighed down by a shackle. The line containing the 
medusa was �ed to the botom of a loop of line, which was �ed to the data acquisi�on system. An 
addi�onal piece of line was �ed to each side of the loop and pulled and anchored to the sides of the tank 
to create a wide “V” that stopped the medusa from moving upward as it pulsed. The anchored lines 
were reposi�oned as necessary around the tank to center the medusa under each transducer. A 
rectangular sheet of opaque black PVC was placed at the botom of the tank to serve as a high-contrast 
background for video footage. 

2.2.4 Other measurements  
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The fineness ra�o (ra�o of bell height to bell diameter) was used to determine the rela�ve 
dimensions of the medusa scatering model shape and was assumed to be consistent across all 
individual C. chesapeakei. A handheld GoPro was used to film a single medusa swimming, and frames 
where the organism was in its fully expanded and fully contracted posi�ons were then imported to a 
photogrammetry so�ware (ImageJ) and used to measure the diameter of the base of the bell and the 
height from the base to top of the bell for both swimming posi�ons. This process was performed over a 
couple of swimming cycles and the average fineness ra�os for each posi�on were used to create the 
expanded and contracted medusa model shapes. 

Size and material property measurements of the captured medusae were collected a�er 
acous�cal measurements (Table 2.2). For Jellies #4-9, a�er acous�cal measurements were collected, 
each medusa was removed from its tether, placed on a flat surface so its bell was fully expanded, and 
photographed next to a measuring tape. The photographs were imported to ImageJ and, because most 
of the individuals had an oval shape, the effec�ve diameter was determined by averaging the major and 
minor axis lengths. The medusae were then transferred to the lab, where they were scooped out of their 
buckets with a soup ladle and drained of excess water, then placed flat in a clear container where they 
were photographed from the side with a ruler for scale. The images were imported to ImageJ and the 
bell thickness was measured digitally. The organisms were then weighed on a digital balance and 
transferred to a graduated cylinder to measure their volume, from which their �ssue density was 
calculated. For Jellies #1-3, bell thickness was es�mated using the best fit curve for thickness vs. 
diameter measured for Jellies #6-9. 

 

Table 2.2 Size and material property parameters obtained for live jellies used in this study. The term ‘ka’ 
refers to the product of the product of the insonifying wavenumber, k, and the medusa’s effec�ve radius, 
a. 

Jelly # Diameter (cm) Thickness (cm) Frequency where 
ka = 1 (kHz) 𝑔𝑔 ℎa 

1 11.6 1.7b 4.2 - 1.026 

3 11.7 1.8b 4.2 - 1.007 

4 14.1 1.3 3.5 1.045 1.031 

6 9.7 1.8 5.0 0.861 1.009 

7 11.8 2.2 4.1 1.016 1.007 

8 9.9 1.9 4.9 1.001 1.004 

9 11.9 1.7 4.1 1.156 1.007 
a Es�mated by minimizing the sum of squares of the residuals between the measured and predicted TS 
over a range of values of ℎ for other species of scyphomedusae (Table III). 
b Es�mated value using thickness vs. diameter best fit curve of other jellies.  
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A small clipping of �ssue was taken for DNA barcoding (see supplementary material at 
htps://doi.org/10.1121/10.0019577 for informa�on regarding the DNA barcoding results), and the 
medusae were then archived in a -80°C freezer. Out of the nine individuals caught and measured, only 
seven were used in the analyses presented because Jelly #2 was damaged and Jelly #5 was contaminated 
with an air bubble under its bell during the acous�c measurements. 
 

 

2.3 Data analysis 
 

Raw voltage data from the transducers were pulse compressed (Lavery et al., 2010) and output 
as calibrated echograms. The pulse compressed data were averaged ping-by-ping over a 0.5-m interval 
containing the echo from the medusa and ploted as a func�on of �me so that cyclical varia�ons in TS 
were visible (Fig. 2.3.b). It was determined by cross-referencing �me stamps in the acous�c data with 
video footage that peaks in the TS corresponded to the medusa’s expanded posi�on; smaller peaks 
(“subpeaks”) were assumed to correlated with the contracted posi�on (Fig. 2.3.a). Peaks and subpeaks 
across ~500 pings per individual were iden�fied and converted to frequency spectra via the Fast Fourier 
Transform (FFT) of the corresponding pulse compressed pings (Fig. 2.3.c). FFT window lengths varied 
from 0.1-0.6 m depending on the dura�on of the medusa’s echo in each frequency band, �ming of 
echoes from the sides of the tank, and distance from the shackle weight below.  For the expanded and 
contracted swimming posi�ons, the calculated spectra, TS(f), were averaged in linear space to obtain a 
mean measured spectrum for comparison to model results. 

https://doi.org/10.1121/10.0019577
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Figure 2.3 a) Calibrated matched filter (MF) output of echoes from Jelly #6 in the expanded and 
contracted bell posi�ons at 70 kHz. b) Time series of averaged backscatering strength for Jelly #6, 
averaged from 1.5-2 m range in log space to aid in peak finding by enhancing differences between 
expanded and contracted posi�ons. “Peaks” where the medusa’s bell was expanded, and “Subpeaks” 
where the bell was contracted, are indicated with black and gray dots, respec�vely. c) TS(f) spectra for 
the 52-90 kHz band for the expanded and contracted bell posi�on, calculated from individual pings 
corresponding to the “Peaks” and “Subpeaks” iden�fied in (b). All units are dB rela�ve to 1 m2. 
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2.4 Model theory 
 
2.4.1 DWBA formula�on 
 

The scatering amplitude of an organism is a complex func�on of it size, shape, orienta�on, and 
material proper�es (density, 𝜌𝜌, and sound speed, 𝑐𝑐), as well as the incident wavelength. In cases where 
the organism’s material proper�es are close to those of the surrounding medium, its scatering in the far 
field can be modeled using the Born approxima�on (Morse and Ingard, 1986). For the backscatering 
case (i.e., the present study), scatered energy is represented by the backscatering amplitude, 𝐿𝐿𝑏𝑏𝑏𝑏, given 
by 

 
𝐿𝐿𝑏𝑏𝑏𝑏 =

𝑘𝑘12

4𝜋𝜋
�(𝛾𝛾𝜅𝜅 − 𝛾𝛾𝜌𝜌)𝑒𝑒2𝑖𝑖𝑘𝑘�⃗ 2𝑖𝑖∙r�⃗ ′𝑑𝑑𝑑𝑑′
𝑉𝑉′

 (2.1) 

 
where 𝑉𝑉′ is the volume of the organism’s body 𝑘𝑘1 is the acous�c wavenumber of the incident wave (𝑘𝑘 =
2𝜋𝜋 𝜆𝜆⁄ , where 𝜆𝜆 is the incident wavelength), k�⃗ 2𝑖𝑖 is the incident wave vector evaluated inside the volume, 
and r⃗′ is the posi�on vector for any volume element 𝑑𝑑𝑑𝑑′. The material proper�es of the organism are 
reflected in the terms 𝛾𝛾𝜅𝜅 = (𝜅𝜅2 − 𝜅𝜅1) 𝜅𝜅1⁄ = (1 − 𝑔𝑔ℎ2) 𝑔𝑔ℎ2⁄  and 𝛾𝛾𝜌𝜌 = (𝜌𝜌2 − 𝜌𝜌1) 𝜌𝜌2⁄ = (1 − 𝑔𝑔) 𝑔𝑔⁄ , 
where 𝜅𝜅1 = 1 (𝜌𝜌1𝑐𝑐12)⁄  and 𝜅𝜅2 = 1 (𝜌𝜌2𝑐𝑐22)⁄  are the compressibility of the surrounding medium’s and 
organism’s body, respec�vely; 𝑔𝑔 = 𝜌𝜌2 𝜌𝜌1⁄  and ℎ = 𝑐𝑐2 𝑐𝑐1⁄  are the density and sound speed contrasts. The 
material proper�es of the medusae in this study were assumed to be uniform, so these terms are 
constants and factored out of the integral. The evalua�on of the volume integral over the wavenumber 
inside the organism (k�⃗ 2𝑖𝑖 rather than k�⃗ 1𝑖𝑖) is a modifica�on of the Born Approxima�on referred to as the 
Distorted Wave Born Approxima�on (DWBA; Stanton et al., 1998).  

Throughout this work, the far-field backscatered energy is expressed as the target strength (TS), 
given by 

 TS = 10 log|𝐿𝐿𝑏𝑏𝑏𝑏|2 (2.2) 
 
which has units of decibels (dB) rela�ve to 1 m2 (Urick, 1983). To compare scatering from mul�ple 
individuals, assuming similar morphologies and propor�ons, the TS was normalized by the unit area of 
the medusa’s bell and thus expressed by the reduced target strength (RTS), given by 
 

 RTS = 10 log |𝐿𝐿𝑏𝑏𝑏𝑏|2

𝜋𝜋𝑎𝑎2
= 10 log|𝐿𝐿𝑏𝑏𝑏𝑏|2 − 10 log𝜋𝜋𝑎𝑎2. (2.3) 

 
The RTS is ploted against the product of the acous�c wavenumber and bell radius, ‘ka’, a dimensionless 
quan�ty represen�ng the ra�o of the characteris�c size of an organism to the insonifying wavelength. 
The presenta�on of RTS as a func�on of ka allows for direct comparison of physical scatering processes 
irrespec�ve of the actual target size or frequency used. 
 

2.4.2 Scatering models for simple shapes 
 

As part of the development of a novel scatering model shape to represent a medusa, DWBA 
models for simpler shapes were considered to determine what geometrical aspects would be important 
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to the overall scatering behavior of the medusa. For shapes with certain symmetries, Eq. (2.1) may be 
evaluated analy�cally or semi-analy�cally assuming homogeneous material proper�es and following the 
approach of Stanton and Chu (2000) to obtain an exact solu�on. Varia�ons of weakly scatering spheres 
and finite cylinders were considered, as their solu�ons have been used as benchmarks for other 
scatering models for organisms (Jech et al., 2015). Evalua�ng Eq. (2.1) over a spherical geometry yields 
the closed-form backscatering amplitude of a fluid sphere: 

 
 𝐿𝐿𝑏𝑏𝑏𝑏,𝑠𝑠𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒 =

1
8𝑘𝑘1

�𝛾𝛾𝜅𝜅 − 𝛾𝛾𝜌𝜌� ∗ [−2𝑘𝑘2𝑖𝑖𝑎𝑎 cos(2𝑘𝑘2𝑖𝑖𝑎𝑎) + sin(2𝑘𝑘2𝑖𝑖𝑎𝑎)].  (2.4) 

 
A hemisphere consis�ng of one rounded face and one flat face was also derived. Evalua�ng Eq. 

(2.1) over half a sphere with an incident insonifying wave normal to the flat face of the hemisphere leads 
to the closed-form backscatering amplitude: 

 
 

𝐿𝐿𝑏𝑏𝑏𝑏,ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑒𝑒𝑒𝑒𝑒𝑒 =
k1
4𝑖𝑖 �

𝛾𝛾𝜅𝜅 − 𝛾𝛾𝜌𝜌� ∗ �
𝑎𝑎2

2
+

1
4𝑘𝑘2𝑖𝑖2

+ 𝑒𝑒−𝑖𝑖2𝑘𝑘2𝑖𝑖𝑎𝑎 �
𝑎𝑎

𝑖𝑖2𝑘𝑘2𝑖𝑖
−

1
4𝑘𝑘2𝑖𝑖2

��. (2.5) 

 
Lastly, a thick disk or “puck” shape with two flat faces was considered. The puck is treated 

mathema�cally as an axially symmetric cylinder, so the result obtained by Stanton et al. (1998) was 
simplified for an end-on incident insonifying wave to obtain the backscatering amplitude:  

 
 

𝐿𝐿𝑏𝑏𝑏𝑏,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
𝑘𝑘1𝑎𝑎

4
(𝛾𝛾𝜅𝜅 − 𝛾𝛾𝜌𝜌)� 𝑒𝑒−𝑖𝑖2𝑘𝑘2𝑖𝑖𝑙𝑙𝑑𝑑𝑑𝑑

𝐿𝐿
2

−𝐿𝐿2

 (2.6) 

 
where the integral is evaluated computa�onally over the length of the cylinder, 𝐿𝐿. Comparisons between 
these three scatering models and the medusa model developed in this paper are discussed in the 
following sec�on. 
 

2.4.3 Medusa model shape 
 

Certain symmetries (e.g., sphere, cylinder) give rise to a closed-form or reduced dimensionality 
integral expression for the DWBA formula�on of 𝑓𝑓𝑏𝑏𝑏𝑏. These analy�cal or semi-analy�cal solu�ons are 
convenient when it is reasonable to approximate the geometry of the organism with a simpler shape 
(e.g., Stanton et al., 1998). One must be cau�ous when making shape approxima�ons, as over-
approxima�ng the shape of an organism could result in a loss of important scatering physics 
characteris�cs of that organism. For my target jellyfish species C. chesapeakei, an approximate medusa 
shape was created by stacking two par�al spherical caps with different curvature, resul�ng in a radially 
symmetric volume with two interfaces (Fig. 2.4.a). The curvature of the faces was adjusted depending on 
the swimming posi�on while conserving total volume. Scatering from the oral arms and tentacles was 
assumed to be negligible at the frequencies used in this study, so these appendages were not included in 
the model shape. 

Because it has been observed that medusa TS varies cyclically with its swimming pulsa�ons 
(Brierley et al., 2004), the shape of the model was tuned to reflect the width/height (𝑊𝑊/𝐻𝐻𝑡𝑡𝑡𝑡𝑡𝑡) ra�o, or 
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fineness ra�o, of the medusa’s bell (Fig. 2.4.b). The mean fineness ra�os for C. chesapeakei in its fully 
expanded and fully contracted posi�ons (3.012 and 1.705, respec�vely) were obtained from side-angle 
video footage of a single individual swimming in the test tank, as well as the ra�o of widths between the 
expanded and contracted posi�ons (𝑊𝑊𝑒𝑒 𝑊𝑊𝑐𝑐⁄ = 1.303, obtained from video footage). All individuals of the 
same species were assumed to exhibit the same fineness ra�os.  

 
 

 

Figure 2.4 a) Scatering geometry used in the medusa scatering model. The 𝑧̂𝑧 axis runs through the 
center of the bell. The bell is radially symmetric in the 𝑥𝑥�-𝑦𝑦� (𝜙𝜙) plane and the circular curves outline a 
two-dimensional cross-sec�on in a constant 𝜙𝜙 plane. Broadside incidence corresponds to 𝜃𝜃 = 0°, 𝛽𝛽 =
90°, and 𝛽𝛽 = 270°. b) Size parameters for expanded (upper) and contracted (lower) bell posi�ons. Each 
arc forming the top/botom (aboral/oral) face of the bell is a spherical cap. 

 
The subscript ‘e’ and superscript ‘(e)’ refer to the medusa’s fully expanded posi�on, while ‘c’ and ‘(c)’ 

refer to the contracted posi�on. For this study, the medusa’s expanded bell diameter, 𝑊𝑊𝑒𝑒, and bell 
thickness, 𝑡𝑡𝑒𝑒, were measured directly, and the expanded fineness ra�o and geometry of the shape were 
then used to es�mate the heights of the top and botom faces of the stacked spherical caps, 𝐻𝐻𝑡𝑡𝑡𝑡𝑡𝑡

(𝑒𝑒)  and 

𝐻𝐻𝑏𝑏𝑏𝑏𝑏𝑏
(𝑒𝑒) . From these values, the radius of curvature for each face was calculated and used to obtain the 

volume of the bell. The bell volume, contracted fineness ra�o, and 𝑊𝑊𝑒𝑒/𝑊𝑊𝑐𝑐 ra�o were then used to 
calculate the remaining size parameters for its fully contracted posi�on (see Appendix A). For each 
swimming posi�on, a numerically integrable 3-D model was constructed in MATLAB as a 3-D binary 
matrix with a pixel size of 𝑊𝑊𝑒𝑒/200, which could then be implemented in Eq. (2.1) to compute 𝑓𝑓𝑏𝑏𝑏𝑏 (See 
supplementary material at htps://doi.org/10.1121/10.0019577 for medusa DWBA model MATLAB 
code).  

 

https://doi.org/10.1121/10.0019577
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2.4.4 Averages 
 

Following the approach of Lavery et al. (2002) for predic�ng backscatering from krill, and 
because the live medusa TS measurements were averaged across mul�ple pings over mul�ple swimming 
cycles, the medusa scatering model was averaged over a normal distribu�on of bell thickness with the 
mean equal to the bell thickness measured from images and standard devia�on set at 16% of the 
measured thickness. This standard devia�on was selected a�er examining the rela�onship between the 
measured bell diameter and thickness, and then calcula�ng the standard devia�on of the residuals 
between the thickness predicted by this rela�onship and the actual measured thickness values. 

Density measurements were averaged across Jellies #4-9 (no density measurements were taken 
for Jellies #1-3) to obtain an average value of the density contrast, 𝑔𝑔, for the scatering model. 
Measurements of the sound speed inside the medusae were not taken during the present study, so the 
sound speed contrast, ℎ, was es�mated for each individual by calcula�ng the sum of squares of the 
residuals between the measured TS and predicted TS from a single realiza�on of the scatering model at 
the measured bell thickness using a range of values of ℎ previously measured for other species of 
scyphomedusae (Table 2.3). The ℎ value corresponding to the minimum of the sum of squares was 
obtained from each individual and were averaged to obtain a mean ℎ of 1.013.  

 
 

Table 2.3 Material proper�es measured for scyphomedusae. 

Species    𝑔𝑔     ℎ  Reference 

Aurelia aurita 0.9808 
0.989 

1.0005 
1.0001 

Kang et al. (2012) 
Hirose et al. (2009) 

Cyanea nozakii 1.073 1.038 Hirose et al. (2009) 

Nemopilema nomurai 1.004 1.0008 Hirose et al. (2009) 

Cyanea capillata 1.009 1.0004 Warren and Smith (2007) 

Chysaora chesapeakei 1.0028a 1.013b This study 
a Average.  
b Average es�mate. 

 

To examine the poten�al u�lity of this medusa scatering model for field-based volume 
scatering measurements of dense popula�ons of medusae swimming randomly, the model was 
addi�onally averaged over a uniform distribu�on of fineness ra�os ranging from fully expanded to fully 
contracted swimming posi�ons and compared with measured TS across ~500 consecu�ve pings per 
individual. No averages were performed over swimming orienta�on because it was not a variable in the 
present study, however orienta�on dependence of scatering from medusae should be considered in 
future work. Following standard prac�ce at the frequencies used in this study, only single scatering was 
assumed. 
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2.5 Results 
 

2.5.1 Model predic�ons 
 

Scatering predicted by the stacked spherical cap medusa model is considerably lower than that 
of the volume-equivalent sphere, hemisphere, and puck (Fig. 2.5). Scatering from the hemisphere and 
puck increases with frequency due to the presence of flat faces, which intercept an increasing propor�on 
of incident energy with decreasing wavelength. Curved faces, on the other hand, direct a greater 
propor�on of scatered energy away from the receiver, resul�ng in rela�vely flat scatering spectra as 
exhibited by the sphere and medusa (stacked spherical caps) models.  

 

 

Figure 2.5 Predicted TS spectra for Jelly #6 for a single realiza�on in both fully expanded and fully 
contracted swimming posi�ons (expanded case has deep nulls) and an average of predicted TS over a 
normal distribu�on of bell thicknesses (mean 1.8 cm, standard devia�on 0.29 cm) for both posi�ons. 
Dashed black curve represents TS predicted over an average of thickness, plus an average over a uniform 
distribu�on of swimming posi�ons ranging from fully expanded to fully contracted. TS spectra for a 
sphere, hemisphere, and puck (thick disk) shape have been averaged over the volume-equivalent size 
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distribu�ons. The thickness of the puck shape is set to equal that of the medusa model and its 
corresponding radius is obtained from volume conserva�on. 

 
In general, the medusa model predicts stronger scatering from the expanded posi�on than from 

the contracted posi�on. The TS spectrum peaks at the Rayleigh-geometric scatering transi�on (~18-22 
kHz) and evens out in the geometric regime apart from null structure. Averaging over bell thickness has 
the effect of smoothing out some of the null structure in the model output, especially for the medusa’s 
contracted posi�on (Fig. 2.5). Addi�onally, averaging over a range of swimming posi�ons further 
smooths the spectral null structure. 

Although orienta�on dependence was not inves�gated experimentally in this study, the medusa 
scatering model predicts that scatering levels are dependent on the angle of incidence and that this 
rela�onship changes depending on the medusa’s swimming posi�on (Fig. 2.6). In the expanded posi�on, 
scatering levels are rela�vely even up to incident angles ~18 degrees off broadside and drop off steeply 
at increasing angles. Scatering from the contracted posi�on is maximized around 40 degrees off 
broadside and does not drop off at higher angles other than at nulls. Scatering from the expanded 
posi�on is stronger than the contracted posi�on near broadside; from ~30-60 degrees off broadside, 
both swimming posi�ons exhibit similar scatering strengths. Above ~60 degrees off broadside, the 
contracted posi�on exhibits stronger scatering. 

 
 

 

Figure 2.6 Predicted orienta�on dependence (TS vs. 𝜃𝜃) for Jelly #6 over single model realiza�ons (i.e., no 
averaging) of both its expanded and contracted posi�ons. TS was calculated at 70 kHz and 120 kHz, the 
nominal center frequencies of the transducers used in the experimental por�on of this study. 

 

2.5.2 Model and data comparisons 
 

Backscatering from seven individuals was measured in the present study. Despite all individuals 
being C. chesapeakei, RTS varied among individuals (Fig. 2.7), likely driven by variability in their material 
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proper�es. While the density contrast, g, was measured directly in this study, the value of h was inferred 
from the best fit between model and data. Average scatering levels predicted and measured in this 
inves�ga�on are well within the range of values in the literature for other species of scyphomedusae 
(Table 2.3), sugges�ng that the values of g and h obtained in this study for C. chesapeakei (Table 2.2) are 
reasonable and consistent with the material proper�es of other species of a similar body type (Fig. 2.8). 
However, there is s�ll a high degree of variability between species and individuals.  

 
 

 

Figure 2.7 Comparison between model predic�on and data for reduced TS vs frequency for all medusae 
measured, including both expanded and contracted swimming posi�ons. Model has been averaged over 
a normal distribu�on of thicknesses; data have been averaged over pings iden�fied as “Peaks” and 
“Subpeaks”, as described in the Data Analysis sec�on. Breaks in the data occur between the 70 kHz and 
120 kHz bands. 
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Figure 2.8 Comparison between predicted TS vs. frequency averaged across all seven live medusae (black 
curve) and model output averaged across all seven medusae (gray curve). Shaded region indicates a 
range of predicted possible scatering levels based on published values of ℎ for other species (Table III). 

 

Measured scatering from both the expanded and contracted swimming posi�ons was similar, 
with scatering from the contracted posi�on slightly lower in most cases (Fig 2.7). With the model 
averaged over thickness, posi�on-dependent behavior of the scatering spectrum agreed beter in the 
70-kHz frequency band, especially for Jelly #6 (Fig. 2.7.d). Overall scatering levels were similar to those 
predicted by the model. 

When averaged over both bell thickness and a uniform distribu�on of swimming posi�ons, 
scatering levels predicted by the model agreed well with the data to within <2 dB except around nulls in 
the data (Fig. 2.9). In general, averages over swimming posi�on smoothed out much of the null structure 
present in single realiza�ons and thickness-averaged model predic�ons. 

 
 

 

Figure 2.9 Comparison between model and data for TS vs. frequency for Jelly #6, averaged over 
swimming posi�on. Model output was averaged over a normal distribu�on of thickness and a uniform 
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distribu�on of swimming posi�on (i.e., fineness ra�o) ranging from fully expanded to fully contracted. 
Data output has been averaged over all pings in a 50-second interval, capturing the full range of 
swimming posi�ons. Roll-off below 102 kHz is due to the presence of a null in the data at the low end of 
the 120 kHz frequency band. 

 

2.6 Discussion 
 

2.6.1 Comparison with published data 
 

A primary finding of the modeling por�on of this study is that the spectral behavior of 
broadband scatering is significantly impacted by the posi�on of its bell during its swimming pulsa�ons, 
and this is supported par�cularly by observed scatering in the 70 kHz band. Furthermore, scatering 
levels are higher overall in the bell’s expanded posi�on than its contracted posi�on. This makes sense 
because the greater curvature in the bell in its contracted state would direct a greater propor�on of 
scatered energy away from the direc�on of the receiver. Swimming-dependent scatering behavior in 
the data was more pronounced in the 70 kHz band than in the 120 kHz band, possibly since smaller 
wavelengths are more sensi�ve to roughness and fine-scale structure inside the medusa’s bell, and their 
scatering processes are consequently more complex than scatering of larger wavelengths, which are 
less impacted by small-scale contribu�ons. On the other hand, higher frequencies would be more 
sensi�ve to the curvature of the top face of the bell, complica�ng the interpreta�on. Inves�ga�on of 
swimming pulsa�on effects on scatering in the Rayleigh regime would require use of frequencies lower 
than those used commonly for oceanographic applica�ons (Table 2.2).  

Another finding from this study is that there is a prominent peak in the modeled TS as the 
scatering regime transi�ons from Rayleigh to geometric, around 20 kHz (a bit higher for the expanded 
swimming posi�on and lower for the contracted posi�on due to the contracted bell being thicker than 
the expanded bell). This corresponds to a wavelength of ~7.5 cm, or a quarter wavelength of ~1.9 cm. 
This is close to the measured thickness of the live medusa’s bell (Table 2.2), and where the first peak in 
TS would be expected to occur due to construc�ve interference between reflec�ons off the aboral and 
oral (i.e., top and botom, respec�vely) faces of the bell. The range of frequencies used in this study 
were too high to verify this result experimentally; future studies might add 18 and 38 kHz transducers to 
capture this peak, especially as these frequencies are rou�ne for fisheries applica�ons. A larger test tank 
would be needed for lower frequencies to remain in the far-field and minimize interference from the 
surface and sides of the tank. 

The average TS of C. chesapeakei measured in this study is well within previously observed 
(narrowband) scatering levels for scyphomedusae (Fig. 2.10). It is important to note that RTS – 
essen�ally a measure of scatering strength per unit projected surface area of the bell – varies vastly 
between studies, indica�ng that more subtle differences in species shape and material proper�es could 
have significant impacts on scatering levels. Material proper�es are encapsulated in density and sound 
speed contrasts (𝑔𝑔 and ℎ, respec�vely), which need to be determined experimentally. Measurements of 
𝑔𝑔 may be obtained using commonplace laboratory equipment, though with some uncertainty; ℎ is more 
difficult to measure directly and requires a specialized lab setup to measure the speed of sound through 
animal �ssue. Observed variability in scatering strength highlights the need for species-specific 
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measurements of these parameters, and poten�ally more complex representa�ons that account for 
varia�on in material proper�es between different types of �ssues in a single organism. 

 
 

 

Figure 2.10 Reduced TS vs. ka data from this study (averaged over all seven live medusae) and previous 
studies on other species. Because physical proper�es vary between species, data points are colored by 
genus to aid in comparison. Notably, species belonging to the genus Chrysaora are in blue for 
comparison with results of the present study.   

 

Within this study, a wide range of TS levels were measured across individual medusae (Fig. 2.7), even 
a�er normalizing for size. This shows that individuals even within a single species might vary in their 
material proper�es, and/or that C. chesapeakei vary in their body propor�ons. The material and 
morphological proper�es of C. chesapeakei may also change throughout the life cycle as individuals grow 
and mature (Bayha et al., 2017). A larger sample size would be needed to inves�gate both poten�al 
sources in TS variability between individuals. Compared to TS measurements for species of the same 
genus (Chrysaora; blue in Fig. 2.10), the average measurements presented in this study agree well, 
especially with the published measurements for Chrysaora melanaster (De Rober�s and Taylor, 2014), 
sugges�ng that a single model might be used to represent more than one species within a limited scope, 
provided that the model is averaged over thickness and swimming posi�on. 

 

2.6.2 Recommenda�ons for field applica�ons 
 

As men�oned above, the measurements presented in this study were taken at frequencies in the 
geometric scatering regime of these medusae. Thus, one cannot expect that TS will scale linearly with 
body size and consequently cannot directly infer biomass from backscatering measurements at these 
frequencies. The frequency dependence of TS must be known in order to obtain quan�ta�ve es�mates 
from volume scatering from a popula�on of medusae, and future studies should consider the effects of 
size and maturity of medusae on TS.  
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The model predicted that at incident angles near broadside, TS predic�ons were rela�vely 
stable, but TS fell off steeply off-broadside in the expanded swimming posi�on. Both the expanded and 
contracted posi�ons exhibited deep null structure in their orienta�on dependence. Given uncertain�es 
in the swimming orienta�on of medusae in the field, it is important that future studies experimentally 
examine the effect of orienta�on on scatering strength and include averages over orienta�on in model 
predic�ons when orienta�on cannot be directly observed. Assuming all medusae in a swarm do not 
pulse in sync and are thus in random swimming posi�ons at a given moment, it is also cri�cal that model 
predic�ons for field-based studies incorporate averages over swimming posi�ons. 
 
 

2.7 Conclusion 
 

In summary, a scatering model for medusae has been developed based on the Distorted Wave 
Born Approxima�on and an approximate medusa bell shape formed by two stacked spherical caps and a 
homogeneous volume. This model was applied to a species of sea netle, C. chesapeakei, represen�ng a 
common morphology of scyphomedusae. Controlled, broadband TS measurements of live individuals 
were obtained and compared to model predic�ons averaged over bell thickness. Overall scatering levels 
agreed reasonably between the model and data. Both the model and data exhibited differences in 
spectral scatering behavior depending on changes in bell shape throughout the medusa’s swimming 
pulsa�ons, with scatering levels maximized in the bell’s fully expanded state. When averaged over 
swimming posi�on, TS measurements and TS predic�ons were in good agreement, indica�ng that the 
medusa model more accurately captures the relevant scatering physics than the simpler models based 
on canonical shapes. Even though the sphere, hemisphere, and puck shapes are significantly less 
computa�onally expensive than the full 3-D DWBA model, these shapes resulted in predic�on errors of 
up to ~30 dB at the frequencies used in this study, while the DWBA model more closely described the 
scatering levels observed in the experimental measurements.  

There remains uncertainty in the material proper�es of C. chesapeakei, as its sound speed was 
not measured directly in this study. Backscatering strength of live medusae measured in this experiment 
exhibited a high degree of variability between individuals, sugges�ng that there may not be such thing as 
a “one size fits all” medusa scatering model. This highlights the importance of averaging model 
predic�ons to reflect natural variability in the field. Averages could be fine-tuned in a future field-based 
study by collec�ng measurements of bell size parameters in addi�on to backscatering when C. 
chesapeakei is abundant in the late summer. 

One of the main advantages of the model presented here is that it can be easily tuned to reflect 
the size, shape, and material proper�es of other species. The DWBA framework is a powerful tool for 
developing scatering models for gela�nous organisms. Further development on this and similar models 
is a crucial step toward being able to quan�fy jellies rapidly and remotely in the ocean, both for 
ecosystem monitoring purposes and for gaining a beter understanding of the global distribu�on of 
gela�nous biomass. 
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3 Measuring the bubble size distribu�on in an 
estuarine front via broadband excess 
atenua�on 

 

3.1 Introduc�on 
 

Where river discharge and ambient coastal waters meet, rela�vely strong surface salinity and 
velocity gradients are common. These frontal features give rise to sustained downwelling currents 
(Marmorino and Trump, 1996; O’Donnell et al., 1998) that play a role in enhanced localized surface wave 
breaking and the genera�on of bubbles (Baschek et al., 2006; Thomson et al., 2014). Foam lines 
associated with frontal features are a commonly observed surface expression associated with these 
processes. The role of fronts in air-sea gas exchange is not well understood, however observa�ons by 
Baschek et al. (2006) suggest that frontal features in the Strait of Georgia, BC, Canada, an environment 
with strong bathymetric forcing, are responsible for a significant por�on of the aera�on of coastal 
waters. The influence of fronts on other estuarine environments is far more uncertain, and the ability to 
quan�fy oceanic bubble densi�es and size distribu�ons is crucial for understanding their role in air-sea 
gas exchange (Baschek et al., 2006).  

While the open ocean impacts of bubbles have been considered, the same cannot be said for 
coastal systems where frontal dynamics cul�vate dense, but highly localized, bubble plumes. Acous�cs, 
both in echosounders and ADCPs, have been used for decades to image fronts (Kilcher and Nash, 2010; 
Marmorino and Trump, 1996; Marston et al., 2023; Nash and Moum, 2005; Sarabun, 1993), but the 
impacts of frontal features on size, spa�al, and temporal distribu�ons of bubbles are not well-studied. 
Near-surface bubbles can interfere with the propaga�on of acous�c signals due to their high ex�nc�on 
and bubble-induced sound speed variability (Dahl et al., 2008). These issues are expected to be 
significant at frequencies below 120 kHz based on estuarine and open ocean observa�ons (Basset and 
Lavery, 2021; Trevorrow, 2003). While these studies suggest that bubble plumes impact acous�c 
propaga�on in the presence of near-surface bubble clouds, others suggest posi�ve impacts as the 
bubble clouds can ameliorate the rapidly varying acous�c focusing and reverbera�on effects introduced 
by the curvature of surface wave crests, thereby effec�vely shielding signals of certain frequencies from 
the complica�ons of rough surface scatering (Deane et al., 2013; Preisig and Deane, 2004). Less is 
known about the distribu�ons of bubbles in nearshore and estuarine environments, and the impact of 
entrained bubbles on acous�c communica�ons and sonar performance is poorly constrained.  
Nonetheless, studies by Basset and Lavery (2021) and Preisig (2007; and references therein) suggest 
that bubbles generated by breaking waves at the sea surface can contribute to acous�c transmission loss 
in coastal environments. The impact of bubbles on transmission loss cannot be predicted without first 
understanding the bubble popula�ons in these environments. This study aims to acous�cally quan�fy 
the density and size distribu�on of bubbles associated with the frontal boundary of the Connec�cut 
River �dal ebb plume. 

Breaking waves inject small bubbles into the upper ocean. In the absence of downwelling 
currents (i.e., open ocean), these bubbles form plumes that extend to depths ranging from 2-15 m for 
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dura�ons ranging from 20-90 seconds (Trevorrow, 2003), and the density of bubbles decays 
exponen�ally with depth (Baldy and Bourguel, 1985; Crawford and Farmer, 1987; Medwin, 1970). 
Following a wave breaking event, the bubble plume will persist locally while bubbles dissolve or rise to 
the surface (Chua et al., 2021). Deeper plumes and stronger sound scatering are associated with higher 
wind speeds (Dahl, 2003; Thorpe, 1984). In contrast to the open ocean, even on a calm day with litle 
wind-driven surface wave ac�on, a front can generate an acous�cally significant popula�on of bubbles 
(Baschek et al., 2006; Basset and Lavery, 2021). Addi�onally, localized downwelling in a front provides a 
mechanism by which bubbles can be entrained to much greater depths than they would be due to wave 
breaking alone. Baschek et al. (2006) provide one such example in a coastal front associated with strong 
bathymetric forcing entraining bubbles to 105 m depth. In environments with strong currents, as is o�en 
the case with estuarine fronts, bubbles injected into the upper water column and subsequently 
entrained to greater depths by downwelling are then advected (Basset et al., 2023). These processes 
can create rela�vely dense plumes of bubbles extending farther from the front than the narrow foam 
lines on the surface indicate (Baschek et al., 2006; Basset and Lavery, 2021; Kilcher and Nash, 2010). The 
currents driving the bubble distribu�on at the Connec�cut River frontal boundary were described by 
Garvine (1977) and Garvine and Monk (1974; Fig. 3.1). 

 

 

Figure 3.1 Conceptual schema�c the frontal boundary of the Connec�cut River plume during the ebb 
por�on of the �dal cycle. Horizontal distances are rela�ve to the front. Synthesized from observa�ons of 
Garvine (1977) and Garvine and Monk (1974). 

 

The frontal structure and turbulent mixing of the Connec�cut River plume were described in 
detail by Delatolas et al. (2023). The internal structure of the front resembles a density-driven gravity 
current, and there is strong downwelling at the front with a rota�ng cell ~10 m wide. They also observed 
a buoyant layer at the surface accelera�ng toward the front, similar to observa�ons by Garvine (1977) 
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and Garvine and Monk (1974) as well as frontal circula�on paterns observed in the Leschenault estuary 
(Luke�na and Imberger, 1987) and the Chesapeake Bay estuary (Marmorino and Trump, 2000). The 
authors’ observa�ons suggest that turbulence in the frontal head consis�ng of the downwelling zone 
and rota�ng cell is primarily driven by convec�ve instabili�es, and that this turbulence is isotropic and 
strong compared to elsewhere rela�ve to the front. Beyond the frontal head up to 100 m away is a 
mixing layer driven by Kelvin-Helmholtz instabili�es at the interface between the brackish river ou�low 
and ambient seawater. Turbulence diminished beyond 100 m where stra�fica�on was stable enough to 
suppress the forma�on of instabili�es (Delatolas et al., 2023). Bubbles entrained by downwelling at the 
front are subject to the hydrodynamics driving flow at and near the front. While Delatolas et al. (2023) 
did not atempt to characterize the bubble popula�on associated with the front, their observa�ons 
provide important context for understanding what drives the bubble size distribu�on. 

Baschek et al. (2006) es�mated that frontal features in the Fraser River estuary (BC, Canada) 
contribute ~8% of air-sea gas exchange in the area, with a single �dal front at Boundary Pass contribu�ng 
3%. While this disserta�on does not atempt to es�mate the propor�on of gas exchange facilitated by 
the ebb plume front of the Connec�cut River, it is important to note that the two loca�ons provide very 
different contexts for es�ma�ng bubble size distribu�ons; quan�ta�ve es�mates for the Fraser River 
estuary may not translate directly to processes in the Connec�cut River estuary. The Boundary Pass front 
is a bathymetrically forced system formed by flow over a sill, while the Connec�cut River front is formed 
by the ebb plume expanding over denser ambient seawater. Consequently, the Boundary Pass front has 
associated downwelling currents with veloci�es up to 0.75 m/s carrying bubbles to depths up to 160 m 
(Baschek et al., 2006), while the Connec�cut River front has downwelling veloci�es around 0.2 m/s 
carrying bubbles to depths up to nearly 4 m (Marston et al., 2023). The Boundary Pass front is larger and 
more strongly forced, poten�ally resul�ng in more bubbles dissolved and facilita�ng a higher propor�on 
of air-sea gas exchange than the Connec�cut River front. Thus, comparisons between the two 
environments must be made with cau�on. 

Since scatering from bubbles is characterized by a strong resonance peak (Medwin and Clay, 
1998), acous�cal techniques o�en seek to exploit this feature over mul�ple frequencies to obtain 
es�mates of bubble size distribu�ons and densi�es. This inves�ga�on focused on a) the development of 
a broadband bubble measurement system that uses excess atenua�on to infer bubble size distribu�ons, 
b) characterizing the performance of the system by measuring bubble size distribu�ons in a laboratory 
environment, and c) measuring a �dal front bubble size distribu�on in the field. The measurement 
system was based on the system developed by Terrill & Melville (2000) and built on a towable frame for 
field deployments. To obtain observa�ons of bubbles in a laboratory se�ng, the system was deployed in 
a wave tank. Measurements of broadband excess atenua�on were inverted using an itera�ve method 
(Caruthers et al., 1999) to obtain es�mates of bubble size distribu�ons. The lab measurements were 
then used as a basis for the analysis and interpreta�on of field measurements, where the system was 
towed beside a research vessel. This chapter describes the towable bubble measurement system and 
observa�ons of the evolu�on of a bubble size distribu�on in the lab as well as in a �dal front. 

Past studies have used a wide variety of acous�cal and op�cal techniques to quan�fy bubbles of 
sizes ranging from microns to cen�meters (Fig. 3.2) , many of which employed more than one technique 
simultaneously to account for their different advantages and capabili�es (Vagle and Farmer, 1998a). Early 
work to measure bubbles op�cally include the photographic approach of Johnson & Cooke ( 1979), 
which produced some of the first widely accepted measurements of bubble size distribu�ons under 
breaking waves. Baldy and Bourguel (1985) iterated on those measurements using a laser-based single-
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par�cle scatering technique. More recent developments in op�cal bubble measurements include the 
use of holographic imaging (Liu et al., 2013; Tian et al., 2010) and the use of fiber-op�c probes 
(Blenkinsopp and Chaplin, 2010; Rojas and Loewen, 2007). Acous�cal techniques typically infer 
informa�on about bubbles via scatering and atenua�on measurements. Vagle and Farmer (1992) 
described a backscater technique for measuring bubbles using up-looking transducers to obtain ver�cal 
profiles of bubble size distribu�ons in the open ocean. Farmer et al. (1998) later developed a free-
flooding acous�cal resonator for bubble measurements with a metric for data quality, followed by the 
development of a sound velocimeter by Terrill and Melville (2000), which measured atenua�on and 
dispersion of a broadband signal that can be inverted to obtain informa�on about bubbles in the 
propaga�on path. These acous�cal studies used either a series of narrow-band signals or a broadband 
signal that was processed in narrow-band sec�ons using the method of Commander and McDonald 
(1991).  

 

 
Figure 3.2 Examples of acous�cal and op�cal instruments developed to measure bubble size 
distribu�ons. 

 
Oceanic bubble size distribu�ons generally follow a power law with a slope steepening above a 

value called the Hinze scale, which divides bubbles large enough to fragment in turbulent flow from 
bubbles small enough to be stabilized by surface tension (Hinze, 1955). The Hinze scale for saltwater 
bubbles under breaking waves depends on the turbulent dissipa�on rate within the breaking wave crest 
and has been reported to be ~1 mm radius (Deane and Stokes, 2002). The value where the power law 
steepens decreases with �me as larger bubbles rise to the surface (Harb and Foroutan, 2019). Despite 
bubble entrainment accoun�ng for 30 to 50% of the total energy dissipated by a breaking wave, 95% of 
ini�ally entrained air volume is lost within one wave period of the breaking event (Lamarre, 1993). For 
plunging breakers 10 cm in height in seawater, the life of a wave-generated bubble plume consists of an 
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approximately 2-second long acous�cally ac�ve phase when bubbles are generated and fragmented, 
followed by an acous�cally quiescent phase where the bubbles are subject to processes over a wide 
range of �mescales including turbulent diffusion, advec�on, dissolu�on, and rising due to buoyancy 
(Deane and Stokes, 2002).  

Mul�ple studies have reported quiescent bubble size distribu�ons under breaking waves in the 
lab and in the open ocean (see references two paragraphs earlier) yet there have been few atempts to 
describe the bubble size distribu�ons in estuarine �dal fronts (Baschek et al., 2006; Basset and Lavery, 
2021; Reeder et al., 2022). In addi�on to the different hydrodynamics driving the distribu�on of bubbles 
in a front versus under breaking waves, there are uncertain�es in the frontal bubble size distribu�on due 
to the sharp salinity gradient. Salinity has a significant impact on the density of submillimeter bubbles 
generated by breaking waves, with densi�es in saltwater exceeding those in freshwater by up to an order 
of magnitude (Cartmill and Yang Su, 1993; Harb and Foroutan, 2019). 

Here I present es�mates of the bubble size distribu�on obtained from measurements of 
broadband excess atenua�on collected by a towed instrument. First, I describe a controlled laboratory 
experiment where bubbles generated by a single breaking wave in a tank filled with ar�ficial seawater 
were measured. Then, I present bubble size distribu�ons observed in the Connec�cut River ebb plume 
front at a couple of depths. There were some key differences between the laboratory tank and field 
se�ngs that may have impacted the observed bubble size distribu�ons in each se�ng. Bubbles in the 
wave tank were not subject to ambient currents or circula�on, so the bubble size distribu�on changed 
predictably as larger bubbles were lost to buoyant degassing, whereas in the field there were sustained 
downwelling and turbulence associated with the front that deepened the bubble cloud and may have 
kept bubbles entrained for a longer period. Also, each replicate of the laboratory experiment consisted 
of a single wave breaking event followed by a rest period to let the bubbles dissipate, while the field 
measurements were taken in windy condi�ons with con�nuously breaking waves at the surface injec�ng 
new bubbles into a sustained bubble cloud. Addi�onally, the physical proper�es of the water in the 
laboratory tank were homogeneous, while the front is in a highly stra�fied environment with a 
combina�on of seawater and brackish water driving the bubble popula�on. 
 

3.2 Relevant theory 
 

Excess atenua�on is defined as the atenua�on of an acous�c signal due solely to scatering and 
absorp�on from bubbles and is obtained by taking the difference in log space between the measured 
atenua�on of a signal in a bubble-free medium with the atenua�on of the same signal propaga�ng 
through a bubbly medium. The excess atenua�on of a bubble popula�on is straigh�orward to measure, 
however conver�ng a measurement to a bubble size distribu�on can be complicated. The relevant 
theory for es�ma�ng bubble size distribu�ons from excess atenua�on is explained by Caruthers et al. 
(1999; and references therein) and is briefly summarized as follows. 

The predicted atenua�on for a given bubble size distribu�on is expressed as  
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where the atenua�on coefficient 𝛽𝛽𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝜔𝜔) is in nepers per meter, 𝑐𝑐0 is the sound speed of bubble-
free seawater, 𝜔𝜔 is the angular frequency of the transmited pulse, 𝑎𝑎 is the bubble radius, 𝛿𝛿 is the 
damping parameter (Eq. (9-19) in Vagle and Farmer, 1992), 𝑛𝑛(𝑎𝑎)𝑑𝑑𝑑𝑑 is the number of bubbles per unit 
volume 𝑛𝑛(𝑎𝑎) within a radius increment 𝑑𝑑𝑑𝑑, and 𝜔𝜔𝑅𝑅 is the resonance frequency of a bubble with radius 𝑎𝑎. 
This expression for the excess atenua�on due to bubbles is referred to as the “formal theory.” Given 
that 𝜔𝜔 = 2𝜋𝜋𝜋𝜋, the resonance frequency of a bubble of radius 𝑎𝑎𝑅𝑅 (in meters) is approximately 
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where 𝑝̅𝑝 = 𝑝𝑝0 + 𝜌𝜌𝜌𝜌|𝑑𝑑| is the seawater pressure at the depth 𝑑𝑑 of the bubble, 𝑝𝑝0 is atmospheric 
pressure, 𝑔𝑔 is gravita�onal accelera�on, 𝜌𝜌 is the seawater density, 𝜅𝜅 ≈ 1.4 is the polytropic index of air, 
and 𝜎𝜎 is the surface tension (Deane et al., 2013). 

Atemp�ng to solve Eq. (3.1) for 𝑛𝑛(𝑎𝑎) leads to an ill-condi�oned problem, so the following 
assump�ons are made: 1) the total damping parameter 𝛿𝛿 – which depends on thermal conduc�vity, 
sheer viscosity, and surface tension – is set constant at its value at resonance (Medwin, 1977), 2) only 
bubbles insonified by their resonance frequency contribute significantly to atenua�on (i.e., 𝜔𝜔𝑅𝑅

2 𝜔𝜔2⁄ =
1), and 3) the bubble distribu�on changes slowly about the resonant radius (i.e., 𝑛𝑛(𝑎𝑎) = 𝑛𝑛(𝑎𝑎𝑅𝑅) = 
constant). These assump�ons lead to a simplified version of Eq. 3.1 that can be inverted to obtain 𝑛𝑛(𝑎𝑎):  
 

 𝑛𝑛(𝑎𝑎) ≈ (1 + 0.1𝑧𝑧)−14.6 × 10−6𝑓𝑓3𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑓𝑓) (3.3) 
 
where 𝑧𝑧 is the depth of measurement in meters (accoun�ng for the pressure-dependent rela�onship 
between bubble radius and resonant frequency), 𝑓𝑓 is the resonance frequency for bubbles of radius 𝑎𝑎, 
and 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑓𝑓) is the measured excess atenua�on in dB/m. This simplified rela�onship between 
atenua�on and bubble size distribu�on is referred to as the Resonant Bubble Approxima�on (RBA). The 
RBA can be applied to bubble distribu�ons that follow a power law, but it must be used with cau�on 
because its negligence of off-resonance contribu�ons to atenua�on can result in overes�ma�ons of 
small bubbles.  

Caruthers et al. (1999) describes an itera�ve method for obtaining 𝑛𝑛(𝑎𝑎) from the measured 
𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑓𝑓). For a single itera�on, Eq. (3.3) is used to calculate an es�mated bubble distribu�on. This 
distribu�on is then fed into Eq. (3.1) to obtain the predicted excess atenua�on coefficient, which differs 
from 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑓𝑓) by an error. This atenua�on error is then fed into Eq. (3.3) to yield an error in the bubble 
distribu�on, which is then added to the es�mated bubble distribu�on to yield a first-order corrected 
bubble distribu�on, thus comple�ng one itera�on. The corrected bubble distribu�on may then be fed 
back into Eq. (3.1) to obtain a new predicted excess atenua�on coefficient, the error is calculated 
between the new predicted excess atenua�on and 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑓𝑓), and the process is repeated as the 
predicted excess atenua�on converges on 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑓𝑓). In this study, mul�ple itera�ons were needed to 
get a solu�on that had good agreement with 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑓𝑓) but with minimal enhancement of ar�facts and 
discon�nui�es in the corresponding 𝑛𝑛(𝑎𝑎). 
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3.3 System descrip�on 
 

The measurement system consisted of a low-frequency (3-30 kHz) omnidirec�onal source (Gavial 
ITC-1001), a mid-frequency (30-110 kHz) omnidirec�onal source (Gavial ITC-1042), and two 
omnidirec�onal receiving hydrophones (Teledyne/Reason TC4014-5). All four components were 
mounted inline on a custom aluminum frame with the two hydrophones approximately evenly spaced in 
between the two sources with ~20 cm distance between each component (Fig. 3.3.a). This configura�on 
was originally chosen to provide greater flexibility and dynamic range between the sources and receivers 
as mul�ple transmission paths could be probed. However, the quality of measurements using this 
configura�on is limited to the appropriate spacing between sources and receivers and balance with 
transmited power for the an�cipated atenua�on from the sampling volume. In my applica�ons, SNR 
was maximized at each signal’s arrival at its closest hydrophone, as these received signals were subject 
to the least transmission loss. During field deployment (Sec�on 3.7), the received mid-frequency signal 
was saturated due to the transmited power being too high. 

The sources were connected to a dual channel power amplifier (Pioneer GM-A5702), then an 8-
channel audio interface (Na�onal Instruments USB-6366; 8 analog inputs, 2 analog outputs). The 
hydrophones were each connected to a 1 kHz high-pass filter (Thorlabs EF111) and then to the same 
audio interface (Fig. 3.3.b). When deployed in shallow water, changes in the depth of the instrument due 
to surface waves resulted in strong, low-frequency pressure signals associated with the phase of the 
waves, and these were found to saturate measured acous�c signals. The high-pass filter was included to 
reduce these pressure signals. The audio interface was then connected via USB to a control and logging 
computer (SimplyNUC LLM1V8SQ) running a MATLAB script to operate the system. The hydrophones and 
power amplifier were powered by a single 12 V power supply (BK Precision 1902B), which was 
connected to 120 VAC power along with the audio interface and logging computer. The instrument’s 
sampling abili�es were limited by the wri�ng speed of the data acquisi�on laptop, and different 
sampling methods were used in the laboratory and field experiments. 



60 
 

 

Figure 3.3 a) Diagram of the arrangement of two omnidirec�onal sources and two iden�cal receiving 
hydrophones mounted ~20 cm apart on a custom aluminum frame. Stabilizing fins were fixed to the 
frame during field deployments. b) Schema�c of bubble measurement system electronics. 

 

3.4 Laboratory measurement methods 
 

The experiment took place from 8-12 August 2022 in the Large Wave Flume at the O.H. Hinsdale 
Wave Research Laboratory of Oregon State University in Corvallis, OR, USA. The wave tank was 104 m 
long and 3.7 m wide with a water depth of 2.5 m. It contained freshwater with 750 mL of Triton X-100 



61 
 

surfactant added (1 mg/L) to lower the surface tension and facilitate the genera�on of more bubbles. 
The temperature of the water in the tank was consistent throughout the period of the experiment (Table 
3.1). For each replicate of the experiment, a soliton wave with a height of ~1 m was generated and 
propagated along the tank. A custom ramp structure was built to trigger the wave to break around the 
halfway point. 

 

Table 3.1 Relevant physical proper�es of the water in the test tank. 

Property Value 

Temperature (°C) 19.6 

STP pressure (Pa) 100e3 

Surface tension of water, σ (N/m) 0.07 

Water viscosity, μ (Pa·s) 8.9e-4 

Water density, ρ (g/L) 1000 

Triton X-100 (surfactant) concentra�on (mg/L) 1 

 

On 10 August 2022, the bubble measurement acquisi�on system was fixed with the sources and 
receivers submerged 0.2 m below the surface and collocated with a CTD. The system was fixed at a 
different horizontal posi�on along the tank on each day of the experiment, though only data from 10 
August 2022 are presented here as this was when the system was in closest proximity to the wave break.  

The transmited signal for the tank experiment consisted of alterna�ng linear chirps emited 
from the mid- and high-frequency sources (4-28 and 30-100 kHz, respec�vely; 1 ms dura�on) delayed by 
62 ms. This sequence was transmited at a 4 Hz repe��on rate. The chirps were amplitude modulated to 
offset the frequency responses of the sources, resul�ng in transmited signals with rela�vely flat spectra 
(Fig. 3.4). Data were collected con�nuously by the receiving hydrophones at a 1 MHz sample rate. Data 
collec�on paused every 120 seconds to allow the system to write the data to a file on the acquisi�on 
laptop hard drive, resul�ng in 2-3 data files per wave replicate. Care was taken to begin data collec�on 
before the wave approached the system to obtain some baseline bubble-free data, and the replicates 
were spaced 10-15 minutes apart to allow the tank to return to rest in between wave breaks. 
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Figure 3.4 Power spectral densi�es [dB/kHz re 1 W] of the amplitude-modulated transmited chirps 
(solid curve is mid-frequency, dashed curve is high-frequency). 

 

3.5 Data processing 
 

A mid-frequency and high-frequency replica signal received in bubble-free water at the closest 
hydrophone to each source was used to perform the matched filters. The bubble atenua�on data from 
each hydrophone were then post-processed as follows.  

First, the raw �me-series data from each hydrophone was divided into 1.7 ms-long sec�ons 
corresponding to the low- and mid- frequency categories. This omited null periods between pings, 
reducing data size. Then, a bandpass filter was applied to each ping (2-33 kHz for the mid-frequency 
band and 10-120 kHz for the high-frequency band) as well as a Tukey window with a cosine frac�on of 
0.05.  

Next, a matched filter was applied to each ping using the bubble-free received chirps as the 
replica signals. The envelope of the matched filter output contained two dominant peaks, the first being 
the direct arrival from the source to the hydrophone and the second being a closely following surface 
echo (Fig. 3.5). Care was taken to only analyze pings with clear separa�on between the direct and 
surface arrival. The peak and associated side lobes for the direct arrival were isolated, mul�plied by a 
Tukey window of cosine frac�on 0.05, and the Fast Fourier Transform (FFT) was calculated, squared, and 
converted to a logarithmic scale (i.e., 10 log10|FFT|2) to yield a power spectrum in frequency space. 
Data collected in the field were processed using a similar method, however since interference from 
surface echoes was not a concern, the matched filter peaks were used to locate the direct arrivals and 
the Welch Power Spectral Density (PSD) of the raw received signals was calculated instead of the power 
spectrum. 
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Figure 3.5 Echogram showing matched filter output [dB re 1 V2] from the bubble measurement system 
on 8/10/2022. Two arrivals are visible: a direct arrival from source to receiver, and a second arrival of the 
surface bounce. 

 

The excess atenua�on in log space due to bubbles was calculated as the difference between the 
spectrum of the signal in bubble-free water and the spectrum of the signal with bubbles present, divided 
by the distance between source and receiver (es�mated from the travel �me of the signal), which yields 
𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑓𝑓) in dB/m. The bubble-free spectrum was obtained by averaging over the power spectra in 
linear space of 30 pings in the wave tank in s�ll water, before the wave arrived (Fig. 3.6). Pings a�er the 
wave broke were averaged in groups of 4 consecu�ve pings (spanning 1 second) to obtain spectra with 
bubbles present. To es�mate the noise floor in the tank, 50-ms sec�ons of �me-series data in between 
pings were extracted and processed exactly like the received pings. Noise in the tank oscillated with a 
regular patern and the signal-to-noise ra�o remained >30 dB (Fig. 3.6). 
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Figure 3.6 Bubble-free power spectra measured in the tank before the wave was generated [dB re 1 V2]. 
The thick black curves labeled “First arrival” and “Second arrival” indicate the sec�ons of the power 
spectra used in analyses of each signal’s arrival at its closer hydrophone and farther hydrophone, 
respec�vely. Dashed gray lines indicate the sec�ons of the spectra omited from analyses. The thin black 
lines in the lower half of the plot show the mean noise in the tank measured by the system, matched 
filtered with both the mid- and high-frequency transmited chirps to parallel the processing of the 
signals. Shaded gray area indicates the range of noise observed as it oscillated. The signal-to-noise ra�o 
in the tank was consistently above 30 dB. 
 

 
The atenua�on between each source and its closest hydrophone was used for the analyses 

presented here. The atenua�on between the two hydrophones was also considered, however due to 
the longer path lengths involved there was less data available a�er the wave break where the signal was 
not fully atenuated by the bubble plume. It is important to note that basing bubble distribu�on 
es�mates on the atenua�on between each source and its closest hydrophone meant that each 
frequency band captured a different volume of the water column, so this method relied on the 
assump�on that the bubble distribu�on in the direc�on parallel to the wave crest was uniform. 

 
 

3.6 Laboratory observa�ons 
 

Each breaking wave replicate in the test tank was characterized by one ini�al dense bubble 
plume generated by the wave front followed by a second bubble plume that is a characteris�c of 
plunging breakers (van der A et al., 2017; Ting and Kirby, 1995). Two dis�nct signal arrivals were detected 
by each hydrophone: a first arrival directly from the source to receiver, and a second arrival of a surface 
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bounce (Fig. 3.5). As the wave propagated throughout the tank, the �ming of the second arrival varied 
based on wave-induced changes in the surface height while the �ming of the direct arrival varied only 
slightly due to bubble-induced changes in sound speed. When the breaking wave front passed over the 
measurement system, excess atenua�on due to bubbles was sufficiently high to completely atenuate 
the received signal, making observa�ons of bubble size distribu�ons impossible for the first couple 
seconds a�er the wave broke and intermitently for the first ~ 10 seconds a�er the second plume passed 
over the measurement system. 
 The measured bubble size distribu�ons show that bubbles of radii greater than ~ 200 μm are lost 
within the first 30 seconds a�er the wave breaks (Fig. 3.7). Given that bubbles of this size should have 
terminal rise veloci�es around 4 cm/s (Lewis and Schwartz, 2004) and the bubble plume in the tank 
extended about 1-1.5 m deep, it would be reasonable to assume that these larger bubbles disappear 
around 30 s a�er the wave break because they have risen to the surface. Addi�onally, bubbles of radius 
~ 100 μm should have terminal rise veloci�es of approximately 2 cm/s (Lewis and Schwartz, 2004), which 
could explain the decrease in bubbles of radii > 100 μm by 50 s a�er the wave break. The buoyancy of 
smaller bubbles may not exceed the turbulent forces associated with the wave, which could explain why 
bubbles of radii < 100 μm s�ll remain beyond 50 s. I observed that very small bubbles remained 
entrained for great lengths of �me; at 170 s a�er the wave break there was s�ll a considerable 
popula�on of bubbles with radii smaller than 100 μm, demonstra�ng the long-term persistence of 
bubbles small enough to remain entrained. Microbubbles in the tank were s�ll visible up to 15 minutes 
a�er the wave break event. 
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Figure 3.7 Acous�cally measured mean bubble size distribu�ons at 10-second intervals up to a minute 
a�er the wave break event, plus an addi�onal mean bubble size distribu�on 170 s a�er the wave break 
event to demonstrate longer-term behavior. Each curve is an ensemble average over the bubble size 
distribu�on measured from six replicates of the wave break, except for the curve at 170 s obtained from 
a single replicate. Gaps in the curves occur where no atenua�on or nega�ve atenua�on occurred. 
Dashed lines for all but 170 s indicate mean bubble size distribu�ons es�mated from just the Resonant 
Bubble Approxima�on. The black lines are the theore�cal -2.3 and -10/3 power laws for quiescent 
bubbles smaller than the Hinze scale and acous�cally ac�ve bubbles greater than the Hinze scale, 
respec�vely (Deane and Stokes, 2002). 

 
Compared with the bubble size distribu�ons observed by Deane & Stokes (2002), the bubble size 

distribu�ons observed in this study at radii < 100 μm agree reasonably well with the 𝑎𝑎−2.3 power law 
reported for quiescent bubbles smaller than the Hinze scale, and the overall density of bubbles was 
similar. The distribu�ons of bubbles larger than 100 μm radius are challenging to compare with other 
studies because many of the larger bubbles have already risen to the surface in the �me scales 
considered here. At 10 s a�er the wave break, the distribu�on of bubbles greater than 100 μm agree 
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best with the 𝑎𝑎−10/3 power law observed by Deane and Stokes (2002) for bubbles greater than the Hinze 
scale during the acous�cally ac�ve phase. This would be unexpected since all bubbles measured in this 
study are quiescent and smaller than the Hinze scale, however Cartmill and Yang Su (1993) observed a 
similar 𝑎𝑎−3 power law for bubbles with radii in the 100-1200 μm range. Given that Cartmill and Yang Su 
(1993) conducted their measurements in the same wave tank used in the present study, the discrepancy 
between the bubble distribu�ons measured here and by Deane and Stokes (2002) might arise in part 
due to differences in laboratory setup, but is more likely related to the dispersive nature of the bubbles 
when unforced. Harb and Foroutan (2019) examined the evolu�on of the bubble size distribu�on in the 
first 5 seconds a�er a laboratory wave breaking event and observed significant drooping of the density 
of larger bubbles that effec�vely lowered the Hinze scale with �me. Given the longer �me scales 
inves�gated in this study, the change of slope of the bubble size distribu�on observed at 100 μm may 
reflect that the Hinze scale has decreased by the �me of the first measurement at 10 s post-breaking. 
 Previous research has shown that bubble densi�es under breaking waves increases with 
increasing salinity while the slope of the size distribu�on stays constant (Cartmill and Yang Su, 1993; 
Harb and Foroutan, 2019). Surfactants may also influence bubble distribu�ons. Winkel et al. (2004) 
observed a decrease in mean bubble size with increasing salt and Triton X-100 concentra�ons for 
bubbles generated by an air injector rather than a plunging breaker. The addi�on of the Triton X-100 
lowers the surface tension of the tank water (Ullah et al., 2019), though the impact on surface tension at 
the concentra�on used in this study would be small. 
 
 

3.7 Field observa�ons 
 
 The observa�ons and data processing rou�nes developed for the wave tank experiment served 
as a basis for the interpreta�on of field measurements of bubbles in an estuarine �dal front. The field 
campaign took place on 19-21 October 2021 in the Connec�cut River estuary off Old Saybrook, 
Connec�cut, USA (41.262139 °N, -72.341132 °W), where a �dal ebb plume front forms outside the 
mouth of the river (Garvine, 1977). The bubble measurement system was suspended from the starboard 
davit on the 60-� coastal research vessel R/V Tioga, lowered into the water beside the boat, and towed 
back and forth across the same sec�on of the front at a range of depths while collec�ng data. Shipboard 
broadband echosounders were opera�ng at 38, 70, 120, 200, and 333 kHz throughout the campaign to 
aid in loca�ng the frontal bubble plume. 

During the field deployment, 20 pairs of high- and mid-frequency chirps were writen to each 
file, yielding a data collec�on rate of ~1 file/second. The hardware high-pass filter was not integrated in 
the bubble measurement system at the �me of the field deployment, so a so�ware high-pass filter was 
applied as the first step of post-processing to remove low-frequency noise introduced in the field se�ng. 
It was discovered during post-processing that the mid-frequency signal was saturated in bubble-free 
water, leading to underes�mates in excess atenua�on below 30 kHz and consequent underes�mates of 
bubble density for radii larger than 100 μm. Thus, only inversion results for the high-frequency signal are 
presented (Fig. 3.8). Based on the modeling results in Sec�on 1.4.3, inver�ng just the high frequency 
signal should s�ll yield reasonably accurate es�mates of the bubble size distribu�on. The parameters in 
Table 3.1 were used in the inversion calcula�on for the field measurements with just temperature 
changed to the value measured in situ by a CTD, as the other proper�es for salt versus fresh water had 
an insignificant impact on predicted bubble atenua�on (Sec�on 1.4.2). Es�mates of bubble size 
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distribu�ons were obtained in the front on 19 October 2021 at depths from 0.4-1.5 and 3.0-3.8 m (Fig. 
3.8). The wind speed on this day was ~10 m/s. 

 

Figure 3.8 Acous�cally measured bubble size distribu�ons at a range of depths in the Connec�cut River 
Estuary �dal front. Each curve is an average of over 20 pings spanning a 0.1-second interval and has been 
smoothed with a moving average to reduce noise. The black line is the theore�cal -2.3 power law for 
quiescent bubbles smaller than the Hinze scale (Deane and Stokes, 2002). 

 
Compared to the bubble size distribu�ons observed by Deane and Stokes (2002), the bubble size 

distribu�ons observed in the front at radii < 100 μm are overall slightly shallower than the 𝑎𝑎−2.3 power 
law reported for quiescent bubbles smaller than the Hinze scale, though they do appear to steepen 
slightly with increasing bubble size and perhaps would agree beter if the bubbles larger than 100 μm 
were not underes�mated due to the saturated mid-frequency signal. It is reasonable to expect this slope 
in the front, where bubbles are entrained for long periods beyond their ac�ve phase. The density of 
bubbles observed in this study is comparable to previous measurements under breaking waves in the 
open ocean at similar wind speeds (Farmer et al., 1998; Leighton et al., 2004; Trevorrow, 2003). The 
overall density of bubbles in the front decreases with depth but to a lesser extent than a bubble plume 
under breaking waves (Farmer et al., 1998; Terrill et al., 2001), sugges�ng that many bubbles are 
entrained by downwelling at the front. The maximum near-surface downwelling at the Connec�cut River 
front has been observed to be 0.2 m/s (O’Donnell et al., 1998), which would entrain bubbles of radii 
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smaller than ~ 1300 μm (Lewis and Schwartz, 2004). The slope of the bubble size distribu�on also 
appears slightly shallower at deeper depths, which could be driven by dissolu�on (Garret et al., 2000).  
 

3.8 Conclusion 
 

While acous�cal techniques have been used for years to measure bubble densi�es and size 
distribu�ons under breaking waves, the bubble distribu�ons in estuarine �dal fronts remain poorly 
understood. In this study, a towable bubble measurement system was developed to measure broadband 
excess atenua�on from which bubble size distribu�ons could be inferred. Future studies using excess 
atenua�on to probe bubble distribu�ons in the field might consider addi�onal tes�ng of different 
combina�ons of source power levels and distances between sources and hydrophones to op�mize the 
amount of usable data. The measurement system was used to measure quiescent bubbles generated by 
breaking waves in a laboratory se�ng and the resul�ng bubble densi�es and size distribu�ons were 
similar to previous measurements. The system was also used to measure bubbles entrained in the 
Connec�cut River ebb plume at a range of depths. The bubble size distribu�on in the front resembled 
that of quiescent, sub-Hinze scale bubbles under breaking waves, with overall bubble density decreasing 
with depth but to a lesser extent. Ques�ons remain around how the bubble distribu�on changes 
spa�ally along the front and behind the front, how the bubble plume evolves over the life�me of the 
front, and what can be inferred about the hydrodynamics at play in the front. Gaining an increased 
understanding of bubbles in �dal fronts and their associated processes will allow for beter 
understanding of their role in air-sea exchange and the opera�onal considera�ons relevant to acous�c 
communica�ons and sonar performance in estuarine environments. 
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4 Spa�al trends of the bubble size distribu�on 
in an estuarine front 

 

4.1 Introduc�on 
 

The goal of this chapter is to use measurements of bubble size distribu�ons in an estuarine front 
to gain some understanding of how the front’s hydrodynamics drive the entrained bubble distribu�on. 
The convergence of river ou�low with the surrounding ocean has been found to enhance surface wave 
breaking at the front, resul�ng in a rela�vely high density of persistent microbubbles (Baschek et al., 
2006; Thomson et al., 2014), even on a calm day with litle wind-driven surface wave ac�on (Basset and 
Lavery, 2021). Downwelling at the front subducts these bubble plumes to much deeper depths than 
plumes formed in open water by wave breaking alone (Baschek et al., 2006), where they are then 
advected by strong horizontal currents (Basset et al., 2023). These processes can form dense bubble 
plumes that extend much farther than indicated by the foam lines formed at the surface (Baschek et al., 
2006; Basset and Lavery, 2021; Kilcher and Nash, 2010). Developing an understanding of how the size, 
spa�al, and temporal distribu�ons of bubbles are impacted by frontal features is therefore important for 
acous�cal opera�ons in these coastal environments as well as for constraining es�mates of bubble-
mediated aera�on of surrounding water. 

Inferring bubble size distribu�ons from backscatering strength is one of several acous�cal 
techniques developed to quan�fy microbubbles but has not been as widely used as other acous�cal and 
op�cal techniques. A backscatering approach was first described by Vagle and Farmer (1992), who 
measured backscater from bubbles at mul�ple frequencies using up-looking transducers. They tried 
mul�ple methods for inver�ng the backscatering measurements to obtain es�mates of bubble size 
distribu�ons, including an itera�ve technique that starts with an ini�al guess of 𝑛𝑛(𝑎𝑎) and adjusts with 
each itera�on, a matrix representa�on of the inversion that led to inaccuracies, and a simplified direct 
inversion that ignores contribu�ons to scatering above resonance and fails at frequencies above 400 
kHz. Compared to other techniques for measuring bubble size distribu�ons, backscatering 
measurements may be hindered by excess atenua�on from dense bubble clouds and high air frac�ons 
near the surface (Basset and Lavery, 2021; Vagle and Farmer, 1998b). However, remote sensing of 
bubbles via backscatering offers unique advantages over other techniques such as providing ver�cal 
profiles of bubble densi�es and measurements of rela�vely low bubble densi�es (Vagle and Farmer, 
1998b). 

In this chapter, broadband measurements of volume backscatering strength are inverted to 
obtain es�mates of the bubble size distribu�on at a range of loca�ons rela�ve to the Connec�cut River 
front. The dependence of the bubble distribu�on on depth at the front and distance away from the front 
are examined within the context of the front’s hydrodynamics. 
 
 

4.2 Methods 
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4.2.1 Set-up and transducer calibra�ons 
 

This chapter is focused on the dynamics of the Connec�cut River �dal ebb plume front, which 
forms at the boundary between brackish river ou�low and denser ambient seawater (Fig. 4.1). Field 
observa�ons took place on 19-21 October 2021 in the Connec�cut River Estuary off Old Saybrook, 
Connec�cut, USA (41.262139 °N, -72.341132 °W). Broadband echosounders with nominal center 
frequencies of 38, 70, 120, 200, and 333 kHz for a total band of 25-410 kHz (Table 4.1) were mounted to 
a pole fixed to the side of the 60-� coastal research vessel R/V Tioga and lowered to a depth of 0.79 m 
below the sea surface. The 38 kHz transducer was an Airmar M192-38 and the rest were manufactured 
by Kongsberg (Table 4.1). The transducers were connected to two Kongberg WBT Tube transceivers, 
which were connected to a data acquisi�on laptop running the EK80 so�ware for Windows. The 
echosounders operated con�nuously throughout the field campaign while the research vessel made 
repeated transects over the front, with each transducer accoun�ng for one “channel”.  

 
 

 
Figure 4.1 Map of the study area. During ebb �de, a front forms at the offshore boundary of the 
Connec�cut River ou�low and evolves throughout the 6-hour �dal cycle (Garvine, 1977). 

 
A calibra�on was performed on 30 September 2021 in a tes�ng well off the dock at the Woods 

Hole Oceanographic Ins�tu�on in Woods Hole, Massachusets, USA, following the method of Lavery et 
al. (2010), which is based off established protocols (Demer et al., 2017; Foote and MacLennan, 1984; 
Vagle et al., 1996). The echosounders were calibrated in the well using a spherical, 38.1-mm-diameter 
(21.2-mm-diameter for the 38 kHz transducer), tungsten carbide with 6% cobalt standard target, which 
was tethered on a monofilament line approximately 6 m (38.1-mm target) and 8 m (21.2-mm target) 
below the transducers. The EK80 standard calibra�on so�ware was used to collect data in all four sectors 
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and the center of each transducer opera�ng in split-beam mode (Demer et al., 2017). For the 
transducers opera�ng in single beam mode, the target was moved around under the transducers while 
pinging and the echoes with the top 10% target strength (TS) magnitude, which were presumed to be 
the most centered, were averaged and used to calculate a calibra�on curve. To ensure op�mum 
calibra�on accuracy for the single-beam transducers, the measured TS was also fit to beampatern 
correc�ons for a range of off-axis angles following the method of (Lavery et al., 2017) and adjusted 
accordingly for the best-fit off-axis angle. A calibra�on curve for each transducer was calculated as the 
difference between the measured TS of the standard target and the theore�cal TS predicted for the 
target (Fig. 4.2). The usable frequency band for each transducer was determined by visual inspec�on 
(Table 4.1). 
 
 
Table 4.1 Opera�onal parameters for the echosounders used in this study. 

 M192-38 ES70-7CD ES120-7CD ES200 ES333 

Single or split beam Single Split Single Split Split 

Pulse dura�on (ms) 1.024 1.024 1.024 1.024 1.024 

Decimated sampling frequency 
(kHz) 31 50 91 200 200 

Start frequency (kHz) 25 53 95 160 280 

End frequency (kHz) 45 90 160 260 420 

Used frequency band (kHz) 25-38 53-90 100-140 170-255 288-410 

Power (W) 100 150 250 90 45 

Ping rate (Hz) 2.5 2.5 2.5 2.5 2.5 

 
 

 
Figure 4.2 Calibra�on curves for all five transducers used in this study [dB re 1 m2]. Solid line indicates 
used por�on.  
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4.2.2 Study environment 
 

The currents associated with the front were described by Garvine (1977) and Garvine and Monk 
(1974). Surface water flows toward the front at 20 cm/s and is accompanied by downwelling at the front, 
also at 20 cm/s. From 1 m depth to the seafloor there is a uniform current flowing shoreward and 
normal to the front at 50 cm/s (Fig. 3.1). Small bubbles generated at the front are carried by these 
currents and entrained un�l they rise to the surface or dissolve (Fig. 4.3). Salinity changes abruptly at the 
front where brackish water meets seawater, and the spa�al distribu�on of bubbles is strongly correlated 
with the resultant density stra�fica�on (Fig. 4.4). Turbulence is highest in the 10-m wide convergence 
zone, behind which is a transi�on zone where turbulent mixing occurs with decreasing turbulent kine�c 
energy rates extending to about 100 m out, followed by a region of stable stra�fica�on (Delatolas et al., 
2023). 
 
 
 
 

  
Figure 4.3 Conceptual model for a frontal bubble plume. 
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Figure 4.4 Echogram of volume backscatering strength [dB re 1 m-1] collected in 2017 showing a bubble 
plume in the Connec�cut River ebb plume front in calm condi�ons. The front is indicated by the strongly 
scatering edge of the bubble plume at 0 m distance. 

 

4.2.3 Es�ma�ng maximum bubble size 
 

To predict maximum bubble sizes at various loca�ons near the front, consider the rela�onship 
between bubble radius and rise velocity for “dirty bubbles,” which are affected by a surface-ac�ve 
material such that the “no slip” boundary condi�on applies (Fig. 4.5): 

 
 

𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =
33𝑎𝑎2

(𝑎𝑎 + 0.37)2 (4.1) 

 
where 𝑎𝑎 is the bubble radius in mm and the rise velocity 𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  is in cm/s (Lewis and Schwartz, 2004). A 
series of simple calcula�ons can lead to rough es�mates of maximum bubble size. For example, if I am 
measuring the bubble size distribu�on at the surface 100 m behind the front and the bubble plume at 
the front extends down to 5 m deep, the largest bubble would rise 5 m in the amount of �me it takes to 
travel a horizontal distance of 100 m at 50 cm/s, which would imply a 2.5 cm/s rise velocity. Inver�ng Eq. 
(4.1) leads to an es�mated maximum bubble radius of 141 μm. While this is an overly simplified 
es�mate, it is useful to check against measured bubble size distribu�ons in the field. 
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Figure 4.5 Bubble terminal rise velocity vs. radius. 

 
4.2.4 Data processing 
 

Although mul�ple transects over the front were made during the field experiment, windy 
weather condi�ons nega�vely impacted the quality of the backscater measurements as there were 
frequent signal dropouts. Thus, only three transects where the full bubble plume structure was clearly 
visible in the echogram were analyzed for this chapter (Fig. 4.6.b-d). The replicates are referred to as 
Front 1, Front 2, and Front 3. While the bubble clouds associated with Fronts 1 and 3 similarly extend to 
about 100 m behind the front, the bubbles in Front 2 extend to around 200 m, demonstra�ng some of 
the variability observed between transects. Addi�onally, a sec�on of backscater data collected away 
from the front, in just seawater, were analyzed as a baseline for bubble-free water and bubbles under 
surface breaking waves (Fig. 4.6.a). 
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Figure 4.6 Echograms of volume backscatering [dB re 1 m-1] at 120 kHz showing a) an area away from 
the front in Long Island Sound, b) Front 1, c) Front 2, and d) Front 3. Grayscale rectangles indicate the 20-
cm-by-6-ping bins where mean 𝑆𝑆𝑣𝑣 was calculated. 

 
Raw echosounder data were pulse compressed following the method of Andersen et al. (2021) 

for split- and single-beam transducers. For the split-beam transducers, the compressed voltage was 
averaged across all sectors. Following Andersen et al. (2021), the volume scatering strength 𝑆𝑆𝑣𝑣(𝑡𝑡) 
(uppercase 𝑆𝑆 denotes log space) was calculated in the �me domain to generate echograms for each 
channel. The maximum 𝑆𝑆𝑣𝑣 of the seafloor was obtained from each ping so that the effect of excess 
atenua�on due to near-surface bubbles at the front could be es�mated from the seafloor scatering 
strength (Basset and Lavery, 2021). Bins of data 20 cm tall were selected and used in calcula�ons of 
volume backscatering spectra, 𝑆𝑆𝑣𝑣(𝑓𝑓), for each channel also following Andersen et al. (2021), and 
averaged across 6 consecu�ve pings for each region of interest (Fig. 4.6). The loca�on of the bins was 
selected to avoid pings that were significantly impacted by excess transmission loss from bubbles in the 
upper water column (Basset and Lavery, 2021), as indicated by a drop in the scatering strength of the 
seafloor in the 38 kHz band (Fig. 4.7). Excess transmission loss away from these areas was assumed to be 
small and was therefore not es�mated or incorporated into 𝑆𝑆𝑣𝑣 calcula�ons.  
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Figure 4.7 Seafloor scatering strength [dB re 1 m-1] a) in seawater away from the front, b) Front 1, c) 
Front 2, and d) Front 3 ploted as a func�on of distance from the front. The seafloor scatering strength 
was obtained as the maximum value of the volume backscatering strength within the 7-8 m depth 
range. Each frequency channel is ploted as its own curve. Dense bubble popula�ons are indicated by a 
drop in the seafloor scatering strength in the 38 kHz band.  

 
A smooth, con�nuous 𝑆𝑆𝑣𝑣 spectrum was needed for the inversion to bubble size distribu�on (Fig. 

4.8). The spectra of all five channels were s�tched together via linear interpola�on and smoothed with a 
20-point moving average. In post-processing, the ES70 was discovered to be malfunc�onal, so its 
spectrum was removed and linearly interpolated over before applying the smoothing func�on. For 
addi�onal smoothing to reduce nulls in the 𝑛𝑛(𝑎𝑎) inversion output, the sec�on of each 𝑆𝑆𝑣𝑣 curve 
corresponding to frequency ≥ 150 kHz was then fit and replaced with a 4th order logis�c func�on 
(‘logis�c4’ in MATLAB 2023b’s “fit” func�on), and that sec�on of 𝑆𝑆𝑣𝑣 was replaced with the fited curve. 
Finally, the en�re 𝑆𝑆𝑣𝑣 curve was fit and replaced with a 9th degree polynomial (‘poly9’ in MATLAB 2023b’s 
“fit” func�on), and this final curve was fed into the inversion calcula�on described in the following 
sec�on. Curve fi�ng was calculated in log space to minimize small bumps in 𝑆𝑆𝑣𝑣 that become 
discon�nui�es once inverted for 𝑛𝑛(𝑎𝑎), and the func�ons used for fi�ng were selected by trial-and-error 
to capture the general shape of 𝑆𝑆𝑣𝑣 without adding extra ar�facts to the tails of the curve. Assuming the 
true 𝑛𝑛(𝑎𝑎) follows a power law (Deane and Stokes, 2002), such an aggressive smoothing rou�ne for 𝑆𝑆𝑣𝑣 
was jus�fied so long as the magnitude and broad shape of the curve were preserved. 
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Figure 4.8 Volume backscatering spectra [dB re 1 m-1] computed in depth- and distance-varying bins for 
all three front transects. Curves in (a), (b), and (c) are colored by depth. Curves (d), (e), and (f) are 
colored by distance from the front. 

 

4.3.5 𝑆𝑆𝑣𝑣 inversion 
 

Because the 𝑆𝑆𝑣𝑣 measurements in this study are broadband, the approach of Caruthers et al. 
(1999) was adapted to invert 𝑆𝑆𝑣𝑣 instead of excess atenua�on spectra. Recall the harmonic resonator 
formula�on for volume backscatering from bubbles (Medwin and Clay, 1998): 

 
 

𝑠𝑠𝑣𝑣 = � [𝑛𝑛(𝑎𝑎)𝑑𝑑𝑑𝑑] �
𝑎𝑎2

[(𝑓𝑓𝑅𝑅/𝑓𝑓)2 − 1]2 + 𝛿𝛿2(𝑓𝑓)
�

𝑎𝑎
   (4.2) 

 
where lowercase 𝑠𝑠𝑣𝑣 denotes linear space while uppercase 𝑆𝑆𝑣𝑣 = 10 log10 |𝑠𝑠𝑣𝑣| denotes log space. Despite 
being most accurate near and below resonance, at high frequencies the harmonic resonator model for 
the scatering cross sec�on converges to a value four �mes that of the modal series solu�on because it 
does not include higher order resonances. Thus, for numerical calcula�ons of predicted backscatering in 
this disserta�on, a hybrid scatering model was generated using the resonator model for 𝑘𝑘𝑘𝑘 < 0.1 and 
the modal solu�on (Medwin and Clay, 1998) for 𝑘𝑘𝑘𝑘 > 0.1 (Fig. 1.4), following the approach of Lavery et 
al. (2007). 

This hybrid formula�on for the forward calcula�on from 𝑛𝑛(𝑎𝑎) to 𝑠𝑠𝑣𝑣 is referred to as the “formal 
theory.” If I assume backscatering is dominated by resonant bubbles, I obtain the resonant bubble 
approxima�on (RBA) from the harmonic resonator formula�on (Medwin and Clay, 1998): 

 
 

𝑠𝑠𝑣𝑣 ≈
𝜋𝜋𝑎𝑎3𝑛𝑛(𝑎𝑎)

2𝛿𝛿
 (4.3) 
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where 𝑠𝑠𝑣𝑣 is a func�on of frequency derived from the rela�onship between resonance frequency and 
radius (Medwin and Clay, 1998). Star�ng with the measured volume backscatering spectrum, 𝑠𝑠𝑣𝑣,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚, 
the inversion procedure followed these steps for a single itera�on: 
 

1. 𝑠𝑠𝑣𝑣,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑅𝑅𝑅𝑅𝑅𝑅
�⎯�  𝑛𝑛1 

2. 𝑛𝑛1
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯� 𝑠𝑠𝑣𝑣,1 

3. (𝑠𝑠𝑣𝑣,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑠𝑠𝑣𝑣,1)
𝑅𝑅𝑅𝑅𝑅𝑅
�⎯�𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  

4. 𝑛𝑛2 = 𝑛𝑛1 + 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  

5. 𝑛𝑛2
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�𝑠𝑠𝑣𝑣,2 

 
For addi�onal itera�ons, 𝑠𝑠𝑣𝑣,2 can be plugged back into Step 3-5 in as many loops as necessary to get 
good agreement between 𝑠𝑠𝑣𝑣,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑠𝑠𝑣𝑣,2. The agreement may be evaluated by calcula�ng the mean 
square error between 𝑆𝑆𝑣𝑣,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑆𝑆𝑣𝑣,2 in log space or by visual inspec�on of the two curves. For the 
results presented in this chapter, a single itera�on of the inversion procedure Steps 1-5 was enough to 
get sufficient agreement between 𝑠𝑠𝑣𝑣,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑠𝑠𝑣𝑣,2.  
 
 

4.4 Results & Discussion 
 

4.4.1 Bubbles under breaking waves 
 

The mean volume backscatering spectra and bubble size distribu�on were computed for two 
columns of ten 20-cm tall bins evenly spaced from 2.2-4.0 m depth, one column of bins in a sec�on of 
data with no visible bubbles, and the other in a bubble plume penetra�ng over 5 m deep (Fig. 4.6.a; Fig. 
4.9). These data were collected beyond the Connec�cut River plume in the ambient Long Island Sound, 
so are not impacted by density-driven stra�fica�on. 
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Figure 4.9 Depth-dependent volume backscatering spectra [dB re 1 m-1] and corresponding bubble size 
distribu�ons in seawater away from the front. (a) and (c) represent an area without bubbles, (b) and (d) 
represent a bubble plume fed by breaking waves. 

 
Lamarre and Melville (1994) observed that breaking waves alone inject bubbles down to only 

about 1 m deep, so the deeply penetra�ng plumes observed in the Connec�cut River estuary, which 
resemble observa�ons from studies in other environments (e.g., Trevorrow, 2003; Zedel and Farmer, 
1991), are probably driven by turbulence. One source of turbulence that could deepen bubble plumes 
under breaking waves is Langmuir circula�on, which are wind-driven cells that create narrow zones of 
downwelling alterna�ng with zones of upwelling. These cells have been observed in the open ocean to 
form organized structures of bubbles clouds with a mean penetra�on depth of 6 m for wind speeds 
greater than 5 m/s (Zedel and Farmer, 1991). Langmuir circula�on has also been observed in shallow 
coastal environments (Graham and Hall, 1997; Scully et al., 2015), and numerical simula�ons suggest 
that the length scales of coastal Langmuir cells are influenced by environmental forcing condi�ons like 
Stokes dri� velocity, surface wind stress, and wavenumber (Shrestha et al., 2018). Other turbulent 
mechanisms that could deepen bubble plume penetra�on are wind stress, which enhances the 
dissipa�on rate of kine�c energy from breaking waves (Agrawal et al., 1992), and convec�on driven by 
surface cooling (Steffen and D’Asaro, 2002; Zikanov et al., 2002). Likely, a combina�on of all three 
mechanisms is a play to create the irregular bubble cloud structure observed in this study (Crawford and 
Farmer, 1987; D’Asaro, 2001; Garget and Grosch, 2014; Thorpe, 1992). 

In the absence of bubbles, 𝑆𝑆𝑣𝑣 is essen�ally a spectrum of noise (Fig. 4.9.a), so its corresponding 
bubble size distribu�on represents the minimum measurable bubble density with the echosounding 
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system (Fig. 4.9.c). Noise increased with frequency, so the corresponding bubble size distribu�on has a 
rela�vely steep slope. In the bubble plume, which was fed by wind-driven breaking waves at the surface, 
the overall bubble density was lower than that of bubbles entrained in the front and had a spectral slope 
that agreed reasonably well with the -2.3 power law previously observed for quiescent bubbles (Deane 
and Stokes, 2002), and steepened slightly with depth. As a check, the mean volume backscatering 
spectrum was also calculated for a sec�on of data below the frontal bubble cloud (Fig. 4.10.a), and its 
corresponding bubble size distribu�on agreed with that observed in bubble-free water away from the 
front (Fig. 4.10.c). 
 

 
Figure 4.10 a) 120 kHz echogram of volume backscatering [dB re 1 m-1] in Front 1. White rectangle 
indicates the bubble-free area where the mean volume backscatering spectrum (b) and the 
corresponding bubble size distribu�on (c) were calculated. Blue line in (c) is a -2.3 power law for 
reference (Deane and Stokes, 2002). 
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4.4.2 Depth dependence in the front 
 

The volume backscatering spectra were calculated for a series of ten 20-cm tall bins at the front, 
evenly spaced from 2.2-4.0 m depth (Fig. 4.6.b-d). 𝑆𝑆𝑣𝑣 rolled off in the lower frequencies and had a 
shallow decreasing slope above the 38 kHz band (Fig. 4.8.a-c). In all three transect replicates, the volume 
backscatering was broadly consistent up to around 3.5 m depth, beyond which it started to droop. 

The 𝑛𝑛(𝑎𝑎) inversion results for the depth-varying bins reflect the trends suggested by the 𝑆𝑆𝑣𝑣 
curves (Fig. 4.11). The shape and magnitude of the bubble size distribu�on was similar for all three 
transects, with Front 3 being a bit lower overall than the other two. Bubble density decreased by 1-2 
orders of magnitude across the full depth range, with most of that decrease incurred below ~3.5 m. The 
bubble size distribu�on approximately follows a -2.3 power law, which was observed by Deane and 
Stokes (2002) for bubbles of radii < 1000 μm under breaking waves. These observa�ons suggest that 
bubbles generated by breaking waves at the front are subducted by the downwelling current to > 4 m 
depth and that the bubble popula�on is well maintained throughout much of this process. Using the 
rela�onship between bubble size and rise velocity (Eq. 4.1), bubbles would need to be smaller than 1300 
μm in radius to be carried by the 20 cm/s downwelling current, which far exceeds the maximum radius 
measurable with the frequency band used here. In general, the density of bubbles in the front exceeds 
the bubble density under breaking waves (Fig. 4.9.d), though they are similar in the deeper sec�on of 
the front. 
 

 
Figure 4.11 Bubble size distribu�ons for depth-varying bins in a) Front 1, b) Front 2, and c) Front 3. 
Curves are colored from dark to light corresponding to depth of 𝑆𝑆𝑣𝑣 bins. Blue line is a -2.3 power law for 
reference (Deane and Stokes, 2002). 
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4.4.3 Dependence on distance from the front 
 

The volume backscatering spectra were calculated for a series of twelve 20-cm tall bins at 2.2 m 
depth, evenly spaced across most of the frontal bubble cloud (Fig. 4.8.d-f). 𝑆𝑆𝑣𝑣 was greatest at the frontal 
head and dropped ~20-30 dB from the closest bin to the farthest bin across all frequencies, indica�ng a 
significant drop in overall bubble density. The shape of 𝑆𝑆𝑣𝑣 also evolved with distance from the front, with 
spectra becoming slightly flater with distance from the front with steeper roll-off at the low frequencies, 
indica�ng that the bubble size distribu�on changed with distance.  

In the 𝑛𝑛(𝑎𝑎) inversion results, the bubble density dropped considerably with distance from the 
front, with an overall density change of ~2 orders of magnitude in all three transects (Fig. 4.12). This was 
expected since bubbles advected behind the front are entrained for a long �me and are thus subject to 
dissolu�on. The bubble size distribu�on also appears to steepen slightly with distance, sugges�ng that 
larger bubbles are being lost faster to buoyant degassing. Turbulent mixing due to Kelvin-Helmholtz 
instabili�es along the density gradient between the river plume and underlying seawater inhibits 
entrained microbubbles from rising to the surface, as Delatolas et al. (2023) observed that turbulent 
mixing in the ~100 m behind the downwelling zone entrains ambient water. This could create a scenario 
where dissolu�on dominates the evolu�on of the bubble size distribu�on. 

 

 
Figure 4.12 Bubble size distribu�ons for distance-varying bins in a) Front 1, b) Front 2, and c) Front 3. 
Curves are colored from dark to light corresponding to 𝑆𝑆𝑣𝑣 bins closest to and farthest from the front, 
respec�vely. Blue line is a -2.3 power law for reference (Deane and Stokes, 2002). 

 
 
Modeling work by Thorpe et al. (1992) predicts that increased dissolu�on rates yield uniform 

decreases in bubble size distribu�ons, and observa�ons in fresh water suggest that the bubble 
dissolu�on rate is independent of radius for bubbles of radius 20-350 μm (Thorpe, 1982). Addi�onal 
work by Garret et al. (2000) indicates that dissolu�on flatens 𝑛𝑛(𝑎𝑎) for smaller bubbles while buoyancy 



84 
 

steepens 𝑛𝑛(𝑎𝑎) for larger bubbles. Other studies that have atempted to measure bubbles under breaking 
waves have reported bubble size distribu�ons that peak around 20-30 μm, above which they follow a 
power law and below which they decrease with decreasing bubble size (Blenkinsopp and Chaplin, 2010; 
Vagle and Farmer, 1992). Both dissolu�on and buoyancy are likely contribu�ng to the spa�al evolu�on of 
the bubble size distribu�on observed in the present study. 
 

4.4.4 Discrepancy between measurement methods 
 

One concerning observa�on from this study is that the magnitude of 𝑛𝑛(𝑎𝑎) calculated from 
volume backscatering is significantly lower than the bubble densi�es reported in Chapter 3, which were 
calculated from broadband atenua�on (Fig. 4.13). At comparable depths in the Connec�cut River ebb 
plume front on the same day, the volume backscatering measurements yielded bubble size distribu�ons 
approximately 1.5 orders of magnitude lower than the atenua�on measurement instrument described 
in Chapter 3. The backscatering yielded 𝑛𝑛(𝑎𝑎) curves that agreed reasonably well with the -2.3 power 
law expected for quiescent bubbles under breaking waves (Deane and Stokes, 2002), while the 
atenua�on yielded 𝑛𝑛(𝑎𝑎) curves with a shallower slope (Fig. 4.13). 
 

 
Figure 4.13 Bubble size distribu�ons in the Connec�cut River front from 3-3.8 m depth measured via 
volume backscatering (red, orange, yellow) and via excess atenua�on in Chapter 3 (blue, purple, pink). 
Rough es�mates of the density of 83 μm bubbles derived from excess losses in seafloor scatering 
strength (𝑇𝑇𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) at 38 kHz are also included.  
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Basset et al. (2023) published observa�ons of the bubble size distribu�on of a front in the 

James River estuary, where the processes driving the bubble distribu�on should be broadly similar to 
those of the Connec�cut River estuary. They calculated 𝑛𝑛(𝑎𝑎) from broadband backscater at a range of 
frequencies overlapping with the range used in the present study, and the slope and magnitude of their 
observed bubble size distribu�on agree reasonably well with the observa�ons presented here. To build 
confidence in my es�mates of 𝑛𝑛(𝑎𝑎) from atenua�on spectra, consider the laboratory results presented 
in Chapter 3 (Sec�on 3.6). The magnitude and shape of the size distribu�on of bubbles es�mated from 
atenua�on under a breaking wave agreed well with published observa�ons of quiescent bubbles (e.g., 
Deane and Stokes, 2002; Harb and Foroutan, 2019). Given the good agreement of both measurement 
methods used in this disserta�on with previous studies, there might be a systema�c issue causing the 
disparity between the two methods for field measurements. 
 A poten�al reason for the discrepancy between measurement methods is that a sampling bias 
resulted in measurements of different parts of the front where the bubble size distribu�on was different. 
The research vessel steamed con�nuously during backscatering measurements but held a sta�onary 
posi�on over the front during atenua�on measurements. Although an unlikely source of error, it is 
worth men�oning the possibility that atenua�on measurements were contaminated with extra bubbles 
generated in the ship’s wake while it was reposi�oning. During con�nuous transects over the front with 
the echosounders pinging, there was frequent signal dropout sugges�ng the presence of dense bubble 
clouds. There was also variability in the amount of excess transmission loss impac�ng the scatering 
strength of the seafloor in the 38 kHz band, which ranged from 20 to more than 60 dB of excess loss at 
the downwelling zone where the bubble popula�on was densest (Fig. 4.7.b-d).  
 Consider the measured seafloor backscatering spectrum 𝑆𝑆𝑣𝑣,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 as the sum of 
backscatering from the seafloor (𝑆𝑆𝑣𝑣,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠), and excess transmission loss accrued from two-way travel 
through the bubble cloud (𝑇𝑇𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏): 
 

 𝑆𝑆𝑣𝑣,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑆𝑆𝑣𝑣,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑇𝑇𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏. (4.4) 
 
 The seafloor scatering strength at the front in the 38 kHz band drops by approximately 20 dB in Front 1, 
60 dB in Front 2, and 40 dB in Front 3 (Fig. 4.7). Basset and Lavery (2021) proposed that because these 
drops in seafloor scatering strength occur only near the downwelling zone and not further downstream, 
this excess atenua�on is likely caused by a high density of bubbles concentrated high in the water 
column. In this study, I have not reported bubble size distribu�ons es�mated from volume backscatering 
in this part of the front because the data were impacted by significant signal dropout. However, it is 
possible that my measurements of broadband excess atenua�on (Sec�on 3.7) were obtained in this 
sec�on of the front. 
 As an exercise, assume that the excess losses in seafloor scatering strength accrued in the first 3 
m of depth. Since the echosounders were fixed at a depth of 0.79 m, the two-way travel path of the 
signal would be 2 × (3 − 0.79) = 4.4 m long. If I es�mate 60 dB of seafloor scatering loss at 38 kHz, 
then I can calculate a rough atenua�on rate as 60 4.42⁄ = 14 dB/m at 38 kHz, which can be plugged 
into the Resonant Bubble Approxima�on (Eq. 4.3) to obtain a corresponding density of bubbles of radius 
83 μm. This calcula�on was repeated for 20, 40, and 60 dB of drop in the seafloor scatering strength and 
yielded a range of es�mates of the bubble density that are significantly closer to that measured with the 
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bubble atenua�on instrument (Fig. 4.13). This is only a rough es�mate, as the bubble size distribu�on 
may not be uniform from the surface to 3 m deep (Baschek et al., 2006) and because of the signal 
dropout in the backscater, there is uncertainty over what spa�al scales 𝑇𝑇𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is accrued. For 
instance, the same total losses accrued over just the 0.5-m blanking distance of the echosounder yields a 
higher es�mated density of 83 μm radius bubbles in excellent agreement with that measured with the 
atenua�on instrument. A targeted future study is necessary to test the hypothesis that a sampling bias 
led to the disparity in bubble size distribu�ons because the atenua�on and backscatering observa�ons 
were taken at different parts of the front. If true, the findings of this chapter would align with the theory 
proposed by Basset and Lavery (2021). 
 
 

4.5 Summary & Conclusions 
 

The goals of this chapter were to 1) inves�gate the depth and distance dependence of the 
density and size distribu�on of microbubbles in the Connec�cut River ebb plume front, and 2) relate 
depth- and distance-dependent trends in the bubble size distribu�on to the hydrodynamics of the front. 
Broadband backscatering measurements were collected with a shipboard system as it passed over the 
front, and mean volume backscatering spectra were calculated for a series of bins ranging in depth at 
the front and evenly spaced from the front out to the tail of the associated bubble cloud (Fig. 4.6). 
Volume backscatering spectra were inverted to es�mate bubble size distribu�ons via an itera�ve 
method based on Caruthers et al. (1999). 

Bubbles generated by breaking surface waves at the front are subducted by a downwelling 
current and advected landward behind the front. I observed that the bubble size distribu�on largely 
maintains its shape and magnitude with depth in the downwelling zone of the front, sugges�ng that 
bubbles ini�ally entrained at the surface remain entrained to around 3.5 m depth. I also observed that 
with increasing distance behind the front, the bubble size distribu�on steepens slightly and decreases in 
magnitude, sugges�ng that bubbles are lost to buoyancy and dissolu�on as they are advected, with 
larger bubbles rising out most quickly and smaller bubbles entrained in turbulent mixing along the sharp 
density gradient.  

Surprisingly, there was a concerning disparity in the bubble size distribu�on es�mated from 
volume backscatering measurements versus broadband excess atenua�on. This was proposed to come 
from a sampling bias arising from signal dropout caused by high concentra�ons of shallow bubbles in the 
downwelling zone. I hypothesize that this may have led to volume backscatering observa�ons being 
taken at regions of the front where the bubble density was lower than where excess atenua�on was 
measured. An addi�onal field experiment is needed to inves�gate this theory. 

The observa�ons presented in this chapter suggest that while bubbles in the Connec�cut River 
front are generated by breaking waves in a process like that in the open ocean, frontal dynamics play an 
important part in driving the density and size distribu�on of these bubbles once entrained. Further work 
is needed to beter understand spa�al and temporal variability of the bubble distribu�on along the front 
as well as to evaluate the performance of different measurement approaches. A beter understanding of 
bubbles in �dal fronts and the factors that drive them will permit beter constrained es�mates of their 
contribu�on to the aera�on of estuarine waters as well as beter predic�ons of how frontal structures 
might impact acous�cal opera�ons in coastal environments. 
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5 Conclusion 
 
 

5.1 Summary of contribu�ons and significance 
 

The development of broadband acous�cal technology opened the door to a wide range of 
biological, physical, and yet-to-be-explored oceanographic applica�ons. Accurate sound scatering 
models form the founda�on of acous�cal oceanography as they are crucial for giving predic�ve power 
and meaning to measurements. Once a scatering model has been developed and verified, it may be 
used to quan�ta�vely interpret acous�cal data, thereby offering a means to survey vast oceanographic 
environments with an efficiency unmatched by other sampling methods. While many advancements in 
our understanding of the marine environment have been made possible by broadband acous�cs, there 
remain countless gaps in our understanding of sound scatering processes in the ocean as well as 
unanswered scien�fic ques�ons well suited to acous�cal solu�ons. This disserta�on addressed several of 
these knowledge gaps. 
 
5.1.1 Gela�nous organisms 
 

As the role of gela�nous organisms as both predator and prey becomes increasingly appreciated, 
they remain acous�cally understudied compared to other types of animals. Jellies are ubiquitous 
members of marine ecosystems poten�ally accoun�ng for a significant propor�on of global marine 
biomass, but es�mates of their abundance are not well constrained because they are so difficult to 
sample via tradi�onal methods. Litle effort has been made to understand sound scatering from 
gela�nous organisms so that they may be beter incorporated into biomass es�mates. Addi�onally, most 
acous�cal studies have employed narrowband signals, hence missing out on the addi�onal resolu�on 
and characteriza�on informa�on offered by broadband techniques.  

To address these problems in Chapter 2, a sound scatering model was developed for a common 
species of scyphozoan jelly using the Distorted Wave Born Approxima�on (DWBA) and a simplified 3-D 
medusa bell shape that can be adjusted to reflect a range of flexion states. Broadband target strength 
(TS) measurements were collected from live individuals in a laboratory se�ng to verify the sound 
scatering model, and changes to the scatering behavior due to swimming pulsa�ons were examined. 
This model is a necessary step toward being able to quan�fy jellies in the field. Since gela�nous 
organisms commonly occur in mixed aggrega�ons containing mul�ple types of scaterers, the ability to 
acous�cally dis�nguish between jellies and other organisms is cri�cal for constraining biomass es�mates 
inferred from volume backscatering measurements as is common prac�ce in fisheries. In environments 
dominated by gela�nous organisms, a deep understanding of jelly TS will permit more rigorous 
popula�on assessments. Broadly, the work presented in Chapter 2 is an important step toward beter 
understanding the biomass, distribu�on, and dynamics of jelly popula�ons. 
 

5.1.2 Bubbles in estuarine fronts 
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Oceanic frontal structures are important contributors to ver�cal mixing. In estuaries, fronts that 
form at the convergence of brackish river ou�low with surrounding seawater enhance surface wave 
breaking and form narrow zones of sustained downwelling that entrain dense and deeply penetra�ng 
microbubble plumes. This process has been es�mated to contribute a significant propor�on of air-sea 
gas exchange in these coastal environments, provided that the density and size distribu�on of bubbles in 
a front are known (Baschek et al., 2006). Though mul�ple studies have measured the bubble size 
distribu�ons under breaking waves in the open ocean, few have atempted to measure bubble size 
distribu�ons in estuarine fronts. This raises ques�ons about what the bubble size distribu�ons are in 
fronts and how frontal bubble popula�ons are impacted by the complex flow structure in these highly 
stra�fied environments. Chapters 3 and 4 addressed these ques�ons within the context of the �dal ebb 
plume front that forms in the Connec�cut River estuary. 

In Chapter 3, a towable instrument was developed to measure excess atenua�on from bubbles 
from which bubble size distribu�ons could be inferred. The instrument was tested by measuring bubbles 
under breaking waves in a laboratory wave tank and deployed in the field to measure bubbles in the 
Connec�cut River front. The density of bubbles in the front decreased a small amount with depth, 
sugges�ng that many bubbles generated at the surface are subducted. The instrument described in this 
chapter is towable from a research vessel and thus developed specifically for studying bubbles in �dal 
fronts. With some minor improvements, this instrument will enable more rigorous and high-resolu�on 
measurements to address more complex ques�ons about the distribu�on of bubbles in fronts. 

Chapter 4 examined the spa�al trends of the bubble distribu�on with depth and horizontal 
distance from the front. Measurements of broadband volume backscatering at a series of loca�ons 
rela�ve to the front were inverted for the bubble size distribu�on using an adapted version of the 
itera�ve method described by Caruthers et al. (1999). In the downwelling zone of the front, the bubble 
distribu�on decreased in magnitude while maintaining its shape up to about 3.5 m depth. The bubble 
size distribu�on was observed to decrease in magnitude and steepen with distance away from the 
downwelling zone. A steepening of the bubble size distribu�on suggests the loss of larger bubbles due to 
buoyancy while a uniform decrease in the distribu�on suggests that dissolu�on is at play. The results 
from this chapter suggest that a combina�on of buoyancy and dissolu�on could be driving the evolu�on 
of the bubble distribu�on in and behind the front. These findings may be used to inform es�mates of 
bubble-mediated air-sea gas exchange due to the front. Observa�ons of excess transmission loss due to 
bubbles at the front may also inform best prac�ces for acous�cal opera�ons in estuarine environments 
where �dal fronts commonly occur. 
 

5.1.3 List of contribu�ons 
 
The contribu�ons made by this disserta�on to the field of acous�cal oceanography are outlined below: 
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Chapter 2: Broadband backscatering 
from scyphozoan jellyfish 

• Developed a physics-based 3-D sound scatering 
model for a gela�nous organism and verified it with 
controlled laboratory measurements. 

• Collected broadband target strength measurements 
of a gela�nous organism.  

• Predicted and verified changes in scatering behavior 
based on flexion state during swimming pulsa�ons. 
 
 
 

Chapter 3: Measuring the bubble size 
distribu�on in an estuarine front via 
broadband atenua�on 

• Developed a towable instrument specifically for 
measuring broadband excess atenua�on from 
bubbles. 

• Collected broadband observa�ons of the bubble size 
distribu�on in the Connec�cut River �dal ebb plume 
front. 

Chapter 4: Spa�al trends of the bubble 
size distribu�on in an estuarine front 

• Described observa�ons of spa�al trends in the 
bubbles size distribu�on of the Connec�cut River 
�dal ebb plume front within the context of frontal 
kinema�cs.  

• Hypothesized that spa�al evolu�on of the bubble 
distribu�on may be driven by both kinema�cs and 
dissolu�on. 

• Observed a discrepancy between bubble size 
distribu�ons es�mated from volume backscatering 
and excess atenua�on and proposed that this could 
be due to a sampling bias. 

 
 

5.2 Recommenda�ons for future work 
 

5.2.1 Scatering models for gela�nous organisms  
 

Further development of the jellyfish sound scatering model is needed for the model to be fully 
func�onal. Experimental verifica�on of the model’s orienta�on dependence is a high priority before 
field-based use. Once orienta�on dependence is accounted for, the model may be put to the test using 
an approach similar on that of Lavery et al. (2007) where volume backscatering measurements of a 
popula�on of jellies are compared with predicted volume backscatering spectra based on parameters 
measured via a different sampling method such as trawling or imaging. 

Another direc�on for this research is to apply the modeling framework described in Chapter 2 to 
another species of gela�nous organism. One advantage of this model is that it can be tuned to any 
shape, size, or orienta�on. Medusae exhibit diverse morphologies, and different species may be of 
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interest depending on geographic loca�on. Other ubiquitous jellies such as ctenophores and salps 
currently lack rigorous sound scatering models.  
 
5.2.2 Understanding bubbles in estuarine fronts 
 
 The work presented in Chapters 3 and 4 opens many doors for future work toward 
understanding the distribu�on of bubbles in estuarine �dal fronts and further developing the 
measurement techniques described. While the ini�al measurements of the bubble size distribu�on and 
observed trends are valuable, many ques�ons remain that will require measurements of more complex 
features of the front and beter-informed sampling strategies. 
 One reason that shipboard backscatering measurements were collected in conjunc�on with the 
atenua�on instrument was so that the two methods could be compared to build confidence in the 
obtained bubble size distribu�ons. However, there was a concerning discrepancy between the 
magnitude of the bubble size distribu�ons measured by both methods, which I speculate could be due 
to a sampling bias that led to significantly higher measurements of bubble density taken with the 
atenua�on instrument than with volume backscatering. An addi�onal field experiment is crucial to 
establishing a basis for agreement between the two measurement methods. I propose a targeted 
sampling strategy involving systema�c transects over the front with both measurement systems 
collec�ng data concurrently, including both repeated transects over the same sec�on of the front to 
obtain near-iden�cal replicates and a lawnmower patern sampling along the front to inves�gate spa�al 
variability. Extra care must be taken to ensure that the atenua�on instrument is towed at a depth below 
the blanking range of the echosounders, and I recommend collec�ng long-�me data files for the 
atenua�on instrument as described in Sec�on 3.4. A single several-minute file could be collected for 
each transect, pausing in between transects to allow �me for each file to write to the data acquisi�on 
laptop. This sampling strategy would allow backscater and atenua�on measurements to be collocated 
so that they may be compared directly, and a con�nuously moving research vessel would diminish any 
possibility of measurement contamina�on by ship wake. It might also be worthwhile to repeat the 
measurements with various spacing of the components of the atenua�on instrument to ensure good 
quality field measurements without fully atenuated or saturated signals. A separate, controlled study 
inves�ga�ng the effect of different spacings between the sources and receivers in combina�on with 
varying transit power could be helpful before atemp�ng to survey a �dal front again, as different 
arrangements may be needed to measure different sec�ons of the front.  

Once measurement procedures are op�mized and greater confidence is built in their accuracy, 
future studies may consider inves�ga�ng the variability of the bubble distribu�on parallel to the front as 
well as the �me evolu�on of the bubble popula�on as the front develops. Incorpora�on of imaging 
methods for ground-truthing acous�cal measurements would be an addi�onal asset to this work. I 
atempted to complement my acous�cal measurements with holographic image data, however the 
estuary proved to be too turbid to dis�nguish bubbles in the images collected (Appendix B). Future work 
might focus on developing an op�cal or other technique for measuring bubbles in turbid environments 
in conjunc�on with acous�cs. Hopefully, future studies in the Connec�cut River estuary will be subject to 
calmer weather condi�ons to reduce the possibility of confusion between bubbles associated with the 
front and bubbles associated with breaking surface waves. 
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5.3 Closing comments 
 
 This disserta�on presents several contribu�ons to the field of acous�cal oceanography. A sound 
scatering model for a vastly understudied organism has been added to the exis�ng library of scatering 
models for marine animals. I have built upon exis�ng techniques for acous�cally measuring 
microbubbles and used them to deepen our understanding of bubbles entrained in estuarine fronts. 
These contribu�ons are not necessarily groundbreaking, but they help propel the field forward. The 
insights gained from this disserta�on have implica�ons for our ability to quan�fy marine resources, 
monitor the health of marine ecosystems, beter understand air-sea interac�ons, and ensure effec�ve 
opera�on in dynamic coastal environments. Even the most incremental developments in our 
understanding of the ocean are more important now than ever during these uncertain �mes for the 
health of our planet. Acous�cal technology unlocked our ability to sense and observe the ocean in many 
ways, and it could play an integral role in crea�ng a sustainable future for humankind.  
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Appendix 
 

A. Calcula�ng indirectly measured size parameters 
 

In the following formula�ons, the subscript ‘e’ and superscript (e) refer to the bell’s expanded 
posi�on; the subscript ‘c’ and superscript (c) indicate that the bell is in a contracted state. The expanded 
bell diameter (𝑊𝑊𝑒𝑒) and ver�cal thickness (𝑡𝑡𝑒𝑒) were the only size parameters measured directly in this 
study. Other parameters necessary for construc�ng the stacked spherical caps model shape and a range 
of contracted posi�ons were derived and calculated using geometric formulas, assuming the bell volume 
is conserved (Fig. 3). Recall that the expanded bell height, 𝐻𝐻𝑡𝑡𝑡𝑡𝑡𝑡

(𝑒𝑒) , is obtained from 𝑊𝑊𝑒𝑒 via the fineness 

ra�o 𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
(𝑒𝑒) = 𝑊𝑊𝑒𝑒/𝐻𝐻𝑡𝑡𝑡𝑡𝑡𝑡

(𝑒𝑒) . Then, the height of the botom face, 𝐻𝐻𝑏𝑏𝑏𝑏𝑏𝑏
(𝑒𝑒) = 𝐻𝐻𝑡𝑡𝑡𝑡𝑡𝑡

(𝑒𝑒) − 𝑡𝑡𝑒𝑒. From there, the radii of 
curvature for the top and botom faces, 𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡 and 𝑟𝑟𝑏𝑏𝑏𝑏𝑏𝑏, respec�vely, follow as 

 
 

𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡 =
𝐻𝐻𝑡𝑡𝑡𝑡𝑡𝑡

(e)

2
+ 𝑊𝑊𝑒𝑒

2

8𝐻𝐻𝑡𝑡𝑡𝑡𝑡𝑡
(𝑒𝑒)  ; 𝑟𝑟𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐻𝐻𝑏𝑏𝑏𝑏𝑏𝑏

(e)

2
+ 𝑊𝑊e

2

8𝐻𝐻𝑏𝑏𝑏𝑏𝑏𝑏
(e) . (A.1) 

 
The volumes of the spherical caps forming the top and botom faces of the expanded bell, 𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡

(𝑒𝑒) and 𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏
(𝑒𝑒), 

are then calculated; the difference between them is the total volume of the jelly’s bell, 𝑉𝑉0: 
 

 
𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡

(e) =
𝜋𝜋
6
𝐻𝐻𝑡𝑡𝑡𝑡𝑡𝑡

(𝑒𝑒) �3 �
𝑊𝑊𝑒𝑒

2
�
2

+ 𝐻𝐻𝑡𝑡𝑡𝑡𝑡𝑡
(e) 2� (A.2a) 

 
𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏

(e) =
𝜋𝜋
6
𝐻𝐻𝑏𝑏𝑏𝑏𝑏𝑏

(e) �3 �
𝑊𝑊𝑒𝑒

2
�
2

+ 𝐻𝐻𝑏𝑏𝑏𝑏𝑏𝑏
(e) 2� (A.2b) 

 
𝑉𝑉0 = 𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏. (A.2c) 

where 𝑉𝑉0 is a conserved quan�ty across all swimming posi�ons. From this founda�on, size parameters 
may be obtained for another fineness ra�o, 𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

(𝑐𝑐) = 𝑊𝑊𝑐𝑐/𝐻𝐻𝑡𝑡𝑡𝑡𝑡𝑡
(𝑐𝑐) . Ideally, 𝑊𝑊𝑐𝑐 is obtained from the ra�o 

𝑊𝑊𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑊𝑊𝑒𝑒/𝑊𝑊𝑐𝑐 determined by visual data of the jelly’s swimming pulsa�ons. In hypothe�cal cases, 
such as for swimming-averaged model predic�ons, 𝑊𝑊𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is assumed to scale linearly with 𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟. From 
these ra�os, size parameters for the contracted top face can be obtained as 
 

 𝑊𝑊c = 𝑊𝑊e/𝑊𝑊𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (A.3a) 

 𝐻𝐻𝑡𝑡𝑡𝑡𝑡𝑡
(c) = 𝑊𝑊c/𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

(c)  (A.3b) 

 
𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡

(c) =
𝜋𝜋
6
𝐻𝐻𝑡𝑡𝑡𝑡𝑡𝑡

(c) �3 �
𝑊𝑊𝑐𝑐

2
�
2

+ 𝐻𝐻𝑡𝑡𝑡𝑡𝑡𝑡
(c) 2�. (A.4c) 

 
Then, volume conserva�on may be used to obtain a cubic polynomial: 
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𝑉𝑉0 = 𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡

(c) − 𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏
(c) = 𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡

(c) −
𝜋𝜋
6
𝐻𝐻𝑏𝑏𝑏𝑏𝑏𝑏

(c) �3 �
𝑊𝑊c

2
�
2

+𝐻𝐻𝑏𝑏𝑏𝑏𝑏𝑏
(c) 2� (A.4) 

 
that can be solved for 𝐻𝐻𝑏𝑏𝑏𝑏𝑏𝑏

(𝑐𝑐)  computa�onally. Finally, the thickness of the contracted bell is obtained as 
 

 𝑡𝑡c = 𝐻𝐻𝑡𝑡𝑡𝑡𝑡𝑡
(𝑐𝑐) −𝐻𝐻𝑏𝑏𝑏𝑏𝑏𝑏

(𝑐𝑐)  (A.5) 
 
and the contracted bell shape can be digitally constructed and integrated via the DWBA formula�on. 
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B. Holographic measurements of bubble size distribu�ons 
 

A holographic imaging system was deployed alongside the bubble atenua�on measurement system 
(Chapter 3) with the inten�on of using image data to ground-truth the acous�cal measurements of 
bubble size distribu�ons. Digital Inline Holographic Microscopy (DIHM) has been used to measure and 
map small-scale 3-D distribu�ons of bubble streams in the lab (Shao, 2019; Tian et al., 2010) as well as in 
a field se�ng to characterize bubble distribu�ons in a ship wake (Talapatra et al., 2012), but it has yet to 
be used more broadly for oceanographic measurements. Due to its ability to discriminate between 
bubbles and par�culates (O’Hern et al., 1988), holographic imaging could be a useful tool for quan�fying 
bubbles in turbid environments such as estuaries. The advantage of using digital inline holography (DIH) 
to detect bubbles is that it produces high-resolu�on 3-D images of a known volume. The main 
disadvantage is that processing holographic data is very computa�onally intensive. 

The holographic system was custom built by Seascan Inc. (Falmouth, Massachusets, USA). The 
system consists of a 16-megapixel camera and a 658-nm wavelength collimated laser light source with an 
adjustable separa�on distance (Fig. B.1). Objects in the laser beam diffract light, producing images of the 
resul�ng interference patern with a pixel size of 7.4 μm. The system was mounted with 5 cm of 
separa�on between source and receiver (FIG B.2) and tested in a lab using a rectangular table-top tank 
and in an enclosed tes�ng well on the dock of the Woods Hole Oceanographic Ins�tu�on (Woods Hole, 
Massachusets, USA). Microbubbles were generated for tes�ng purposes using an electric air pump with 
the output covered with a piece of dense foam to fragment the ou�lowing air. 

 

 
Figure B.1 Schema�c diagram of the custom holographic imaging system reproduced from Coter et al. 
(2021). 
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Figure B.2 Holographic camera with 5 cm separa�on between source and receiver mounted on the 
bubble atenua�on instrument frame (described in Chapter 3) for tes�ng at the Woods Hole 
Oceanographic Ins�tu�on (Woods Hole, Massachusets, USA). 

 
Image data collected by the system were processed using the approach described by Tian et al. 

(2010). Reconstruc�ons of a hologram are calculated at a range of focus planes between source and 
receiver and combined to produce a 2-D projec�on of the minimum intensity value of each pixel. The 
result is a map of bubble edges from which a size distribu�on can be obtained (Fig. B.3). An image 
processing rou�ne was developed to count and size the bubbles in the imaging volume that involves 
binarizing the minimum intensity projec�on, area thresholding to reduce noise and omit small non-
bubble par�culates, and circularity thresholding to detect round bubbles in the image (Fig. B.4). The radii 
of circular objects detected by the circularity threshold were obtained and the bubble density calculated 
by dividing the number of bubbles by the sampling volume (Fig. B.5).  
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Figure B.3 Minimum intensity projec�on of a holographic image of bubbles generated in the lab. 

 
 

 
Figure B.4 Steps of holographic image processing rou�ne for detec�ng and sizing bubbles from a 
minimum intensity projec�on. 
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Figure B.5 Le�: detected bubbles from a minimum intensity projec�on indicated with purple circles. 
Right: corresponding bubble size distribu�on for lab-generated bubbles. 

 
 
The holographic imaging system was deployed in the Connec�cut River ebb plume front during the 

October 2021 field campaign. Despite showing promise as a bubble measurement technique during 
tes�ng, it was impossible to dis�nguish bubbles in the images in such a turbid and turbulent 
environment (Fig. B.6). While DIHM has the poten�al be a valuable method for measuring bubbles in the 
field, it is probably not well suited to an estuarine se�ng. In fact, holography might be beter suited for 
studying small-scale turbulence than bubbles. Addi�onal tes�ng side-by-side with acous�cal techniques 
is needed to determine the condi�ons in which holographic imaging can provide accurate ground-truth 
bubble measurements. 
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Figure B.6 Minimum intensity projec�on of a holographic image collected in the Connec�cut River �dal 
ebb plume front. 
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