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Abstract 

Marine aggregates are formed through the coagulation of small biogenic and non-

biogenic components. Visible aggregates, known as marine snow, are typically in the 0.5 

mm to a few mm size range. Aggregates are well recognized as hotspots of microbial and 

planktonic activities. In addition, aggregates formation is an important pathway to transfer 

organic materials from the surface to the deep ocean; hence the impacts of aggregates in 

carbon flux is significant. Since carbon mass content, chlorophyll-a concentration, and 

aggregate sinking velocity are size dependent, aggregate size distribution is fundamental to 

better understand the contribution of aggregate in the marine ecosystems and future climate 

changes. Numerous studies have been conducted at laboratories and theoretical ways to 

demonstrate size distribution of aggregate through aggregation and destruction of cultured 

aggregate or idealized particles; however, the size distribution of naturally occurring 

aggregate has not fully investigated in field studies. In this study, I will present the 

relationships between size distribution of aggregate and i) turbulence and ii) chlorophyll-a 

using in-situ data. Furthermore, I will explore the seasonal variation of aggregate from a 

long-term monitoring system. Introducing a recommended way of aggregate measurements 

in the field will be presented in the end.  

A mini CMOS camera (DSLII 190, Little Leonard Inc.) was mounted on a free-fall 

microstructure profiler (TurboMAP-L, JFE Advantech Co., Ltd.) and collected images of 



aggregates simultaneously with turbulence parameters. Observations were conducted at 10 

different locations since 2008. Images that Digital Still Logger (DSL) camera collected 

were subsequently used to determine aggregate size distributions.  

Three physical mechanisms are known to form aggregate; Brownian motion, differential 

sedimentation and turbulence. Brownian motion is a main driver to form small aggregate 

through collisions of small particles (<1µm). The influence of differential sedimentation is 

relatively small under turbulent conditions. Thereby, turbulence is expected to be the major 

driver to form large aggregates in the upper ocean. In order to reveal the relationship 

between turbulence and aggregate sizes, turbulent kinetic energy dissipation rate (ε, W kg -

1) estimated from shear data and major axis length of aggregate (MajAL, cm) were directly 

compared. Each variable was averaged over 10 metres. Direct comparison of average 

turbulence kinetic energy dissipation rate (𝜀,̅ W kg-1) and average MajAL (𝑀𝑎𝑗𝐴𝐿̅̅ ̅̅ ̅̅ ̅̅ ̅,cm) 

showed a positive correlation in log-scale (r2 = 0.52, n =567, p<<0.01), exhibiting that 

aggregates becomes larger when turbulent intensity increases. Majority of 𝑀𝑎𝑗𝐴𝐿̅̅ ̅̅ ̅̅ ̅̅ ̅ 

remained below the Kolmogorov scale (the smallest eddy size), suggesting that aggregate 

size is limited by the Kolmogorov scale. It also showed 90 % of 𝑀𝑎𝑗𝐴𝐿̅̅ ̅̅ ̅̅ ̅̅ ̅ was smaller than 

0.1 cm which corresponds to the Kolmogorov scale at ε = 10-6 W kg-1. This demonstrates 

that turbulence below 𝜀=̅10-6 W kg-1 enhances aggregation, increasing average particle 

size; greater turbulence causes particle breakup, limiting the average maximum aggregate 



size. Since ɛ does not exceed 10-6 W kg-1 in most water column away from boundaries, 

turbulence has a significant influence on the formation of aggregate in the most of water 

column in the world ocean. 𝑀𝑎𝑗𝐴𝐿̅̅ ̅̅ ̅̅ ̅̅ ̅ was also compared with total concentration of 

aggregate (Vagg, ppm). Vagg indicates the fraction of water that is occupied with aggregate. 

Log10 (𝑀𝑎𝑗𝐴𝐿̅̅ ̅̅ ̅̅ ̅̅ ̅) and log10 (Vagg) also showed a positive correlation (r2 = 0.81, n =567, 

p<<0.01). The collision rate of aggregate increase when water is more occupied with 

aggregate, leading a formation of larger aggregate. Morphological change has also been 

investigated in this study. The comparison between average aspect ratio and 𝜀 ̅ showed a 

positive correlation, suggesting that aggregate becomes elongated under strong turbulence.   

Doubell et al., (2009) suggested that number of aggregates in the images increased when 

laser fluorescence probe on TurboMAP-L showed locally strong signals. Since laser 

fluorescence probe resolves ~2mm scale, they hypothesized that such strong signals were 

obtained from hitting individual aggregates. Secondly, I present the relationship between 

aggregates and fluorescence signals. In order to compare the strong signals of laser 

fluorescence and aggregates, strong signals that exceeded a threshold (1.5 × 1 metre 

moving average) were integrated over 10 metres (ILFI, μg L-1 /10m). ILFI was then 

compared with total volume concentration of aggregates (Vagg, ppm). Smaller Vagg was 

found in the open water than the coastal water, showing that water is less occupied with 

aggregates in the open water. It also showed smaller Vagg in open water for given ILFI. 



This suggests that individual aggregates in the open water contain more phytoplankton. 

Thereby phytoplankton is densely concentrated in the open water. The open water 

environments, such as the Kuroshio extensions, are known to be oligotrophic. Highly 

dense phytoplankton in induvial aggregate in the open water may be playing an important 

role as a source of nutrient and food for other living organisms in the oligotrophic 

environments. 

The observations by DSL camera and TurboMAP-L show snapshot of aggregate 

distribution in water column, but do not provide time series data to investigate the seasonal 

variation. Long term monitoring of aggregates by a cabled observatory system (OCEANS) 

was conducted to explore the seasonal variation of aggregates. OCEANS was deployed at a 

coastal environment ( ~20 m from surface) near Habu port of Oshima island. Data were 

continuously collected since 2014. Two periods (October-January in 2015 and 2016) were 

selected to compare in this study. Strong influence of the open water from the Kuroshio 

was found in the 1st period and the 2nd period had a coastal water characteristic. The 

frequency of aggregate appearance was higher in the 1st period. During the 1st period, 

relatively larger aggregate with more transparent exopolymer particles (TEPs) was 

observed. Smaller aggregate with less TEPs was dominant during the 2nd period. Since 

other plankton abundance is also available, further investigation for the biological 



interaction between aggregate and other organisms is required for better understanding of 

ecosystems. 

Observation of naturally occurring aggregate was successfully conducted by DSL 

camera, TurboMAP-L, and OCEANS, since DSL camera mounted on TurboMAP-L 

allowed non-disruptive measuring of aggregate in a free fall mode and OCEANS was fixed 

at the seabed. At the end of this dissertation, a comparison between the size distribution of 

aggregates obtained by DSL camera and holographic camera systems are presented. 

Holographic cameras were lowered by a tethered cable mounted on a shipboard winch. 

Because of this, rocking motion of vessel caused sudden upward and downward motion of 

holographic cameras. The upward velocity of holographic cameras even reached 1 m s-1. 

Size distribution clearly showed that aggregate was destroyed during the measurements by 

the flame of holographic cameras. Since holographic cameras are powerful tools to sample 

the water column with high resolution images, developing a new deployment method that 

allows non-disruptive measurements of aggregate, such as a free fall technology, is highly 

desirable. 
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Chapter 1.  Introduction 

1.1. History of marine snow studies 

Marine aggregates are widely distributed in aquatic systems. They are formed through 

particle collisions and large visible ones (>0.5 cm) is commonly known as “marine snow”, 

since the view of sinking aggregates looks like snowing under the water. The presence of 

aggregates has already been recognised in early 1930s when submarine systems enabled 

scientists to travel underwater world (Silver and Shanks 1978). Aggregates were not 

attracting much scientists’ attention when they were found; however, fishermen in Japan 

were aware of the links between presence of aggregates and fishing conditions (Tsujita 

1953). The study of aggregates started in 1940s in Japan, as a possible predictor of local 

fishing condition. Samples collected from surface water showed that individual aggregate 

is consisting of phytoplankton and mucus particles that is now known as Transparent 

Exopolymer Particles (TEPs) (Figure1, Tsujita 1953). It was concluded that an aggregate 

was a community of dead organic materials at this time.  

As scuba diving was introduced, aggregate studies have shown dramatic improvement 

because in-situ sampling became available. Aggregate is known to play many important 

roles in ecosystems. Experimental studies have shown that aggregate as a hotspot of 

nutrient and organisms (Azam and Long 2001; Stocker 2012). Rich chlorophyll-a and 
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bacteria was found in an individual aggregate (Alldredge and Gotschalk 1989), showing 

that aggregate is not a community of “dead” organisms but live organisms (Figure 1.2). 

Laboratory experiments have also shown that zooplankton and fish feed on aggregate 

(Kiøboe 2001; Larson and Shanks 1996). Furthermore, aggregate is recognised as an 

important carbon pathway to deeper water that may have a significant impact on climate 

changes, since sinking speed is higher than individual phytoplankton cells (Passow and 

Carlson 2012). 

 

Figure 1.1Sketch of aggregate collected from near surface water (Tsujita 1953, Japan 

Oceanography Society). Many different organisms (diatoms, dinoflagellate, chaetognatha, 

copepod) were described at components of aggregate. Matrix is the mucus-rich cells, 

which is called TEPs. 
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Figure 1.2 Conceptual view of aggregate in micro-scale ecosystem. Image was 

downloaded from the website of Stocker’s lab; A Drop of Ocean (credit: Glynn Gorick, 

Justin Seymour and Roman Stocker; Science 2012). 

 

 

1.2 Aggregate formation and destruction 

Theoretical studies have shown that aggregate is formed through particle collision 

(Jackson 1990). Three physical mechanisms are known to drive particle collisions; 

Brownian motion, differential sedimentation and turbulence (Jackson 1990). Transparent 

Exopolymer Particles (TEPs) secreted from phytoplankton glue collided particles and form 

aggregate. Aggregate destruction (disaggregation) is caused by turbulent shear and 

differential sedimentation, self-erosion during sinking, and prey.  

Among three physical mechanisms, turbulence has most significant impact on large 

aggregate (>1mm) (Burd and Jackson 1997). However, the roles of turbulence on 
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aggregate is still not clarified from field observational data due to limitation of in-situ 

measurement methods.  

1.3 Observational methods 

 Formation and destruction processes of aggregates have been well studied in laboratory 

experiments and theoretical studies. However, the observational evidence is still limited 

because in-situ measurements of aggregate is technically challenging. Direct sampling of 

aggregate by a scuba diver was a major sampling method in 1990s. Unfortunately, this 

method limits the number of samples. Sampling water using Niskin bottles and direct 

collection by towing net certainly increase the volume of sample water. However, 

aggregate is always destroyed through bottle or net sampling due to the fragile nature of 

aggregates.  Therefore, these sampling methods cause underestimation of aggregate size 

and overestimation of aggregate abundance. 

Imaging systems such as Video Plankton Recorder (Gallager et al. 2004 ) or holographic 

systems (de Jong et al. 2010) can collect vast number of images of plankton including 

aggregate; however, mounting frames around the camera and profiling method (towing and 

winch controlled) may cause destruction of aggregates. Particle size represented by LISST 

systems (Sequoia Scientific Inc.) is also widely used for aggregate measurements in 

estuaries (Braithwaite et al. 2012; Mikkelsen et al. 2006). It does not likely cause aggregate 
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destruction, but LISST does not collect images of target particles.  Therefore it is not 

clear that the measured particles are aggregates or not. Measured particles are most likely 

sediment flocs, since it is commonly used near the seabed. In addition, measurements are 

usually conducted at a bottom boundary layer that does not represent most water column in 

the open water. Developing a method that measures aggregate without destroying and 

vertical water column is required to further understand physical mechanisms of aggregate 

formation and destruction in the water column in the world ocean.  

1.4 Layout of the dissertation  

The objective of this study is to develop a series of techniques to understand natural 

features of marine aggregates using in-situ field data. Doubell et al. (2009) has developed a 

non-disruptive method of aggregate measurements. They mounted a Digital Still Logger 

(DSL) camera on a microstructure profiler (TurboMAP-L). Aggregates were successfully 

recorded by the DSL camera system without destruction throughout the water column, 

since TurboMAP-L was in a free-fall mode. In this study, a 5 years data set from 10 

different csmpains is used. In Chapter 2, it is aimed to clarify the roles of turbulence on 

aggregate (aggregation and disaggregation) using aggregate images and turbulence data. In 

Chapter 3, microscale fluorescence data were compared with total volume concentration of 

aggregates. In Chapter 4, a long term observation of marine aggregates using a cabled 
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observatory is presented to investigate the seasonal change in aggregate properties. In 

Chapter 5, a potential risk of destroying aggregate during measurements using tethered 

instruments is presented. Holographic systems were lowered by a tethered cable attached 

to a shipboard winch and the images were compared with the images collected by a free 

fall system (TurboMAP-L) to investigate the difference in the outcomes. The conclusions 

of this study and future outlook are presented in Chapter 6.  
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Chapter 2. Turbulence and formation and destruction of aggregate  

2.1 Introduction 

Marine aggregates range in size from approximately 1 micrometres to several centimetres 

(Simon et al. 2002).  Formed in the sunlit upper layers of the ocean and composed 

predominantly of organic material (Simon et al. 2002; Silver and Shanks 1978; Turner 2015), 

aggregates sink as a constant drizzle to the deep ocean (Turner 2015) and biogeochemical 

transformations along the way (Azam and Long 2001).  Aggregate formation occurs 

through the collision and adhesion of smaller particles into larger particles and is driven by 

three main physical processes (McCave 1984; Jackson 1990).  Brownian motion controls 

the collision of small particles (<1 µm).  Differential sinking involves faster settling 

particles overtaking and colliding with slower settling particles and dominates for particle 

sizes between about 1 and 100 µm.  Turbulent shear dominates the interactions between 

larger particles (McCave 1984) (>100 µm).  Since large aggregates have increased sinking 

velocity and carbon content relative to small aggregates (Alldredge 1998), the mechanisms 

controlling aggregate size distribution in the upper ocean have important consequences for 

determining the transport of carbon to the deep ocean (Stemmann et al. 2004; Passow and 

Carlson 2012). The role of turbulence on aggregates has been investigated theoretically and 

experimentally (Guseva and Feudel 2017) over a range of flow conditions and materials, 
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usually using idealized shear models and uniform spheres as source particles (Soos et al. 

2008).  However, our understanding of the influence of turbulence on aggregates in the 

upper ocean interior has remained constrained due to a lack of direct observations.  Early 

laboratory (Dyer and Manning 1999) and modelling (Ruiz and Izquierdo 1997) studies 

indicated that turbulence was important for both aggregation and disaggregation, consistent 

with the conceptual view of sedimentation processes in estuarine systems (Dyer and 

Manning 1999).  Subsequent observations made in the sediment-rich benthic boundary 

layer revealed that our understanding of particle disaggregation remains uncertain (Hill, et 

al. 2001) with minimal influence of turbulence detected on aggregate size, even though 

modelling of disaggregation processes in the bottom boundary layer predicted aggregate 

breakup under strong turbulence (Ruiz and Izquierdo 1997). 

In comparison to early experimental and modelling studies (Guseva and Feudel 2017; 

Soos et al. 2008; Babler et al. 2015; Hill et al. 2001; Winterwerp 1998), a laboratory study 

(Alldredge et al. 1990) using natural aggregates collected from the ocean’s surface layer (10-

15 m depth) found that turbulent kinetic energy dissipation rates as strong as 10-4 W kg-1 did 

not cause aggregate breakup.  Estimates of drag forces on falling aggregates (Hill et al., 

2001) have further suggested that sinking-induced stresses may be more effective in causing 

aggregate breakup than turbulence. The conclusion from these studies (Alldredge et al. 1990; 
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Hill et al. 2001) was that disaggregation by turbulence was relatively unimportant in the 

upper ocean.  Experimental (Soos et al. 2008) and numerical studies (Babler et al. 2015) 

investigating the collision of small particles (<~100 µm) have since shown that turbulence 

initially enhances aggregation, but disaggregation becomes increasingly important in 

controlling aggregate size distribution as the system ages and aggregates grow.  More 

recent observations of aggregates made in the coastal benthic boundary layer (Mikkelsen et 

al. 2006; Safak et al. 2013) and energetic tidal channels (Braithwaite et al. 2012; Bowers et 

al. 2007) have shown that turbulence may indeed cause aggregate breakup, thereby limiting 

the size distribution of aggregates formed, reinstating the likely importance of 

disaggregation by turbulence. 

The general applicability of these studies to understanding aggregation processes in the 

upper layers of the ocean remains uncertain for several reasons.  First, the biological 

composition of marine aggregates that affects aggregation and disaggregation processes is 

known to be highly sensitive to changes in the ambient environmental conditions and the 

methods used for collection (Alldredge and Gotschalk 1988).  For example, the stickiness 

of diatoms following collection from the field has been shown to increase due to nutrient 

and light limitation (Kiørboe et al. 1990; Kiørboe 2000; Engel 2000).  Aggregates become 

compacted under even most gentle collection methods, potentially leading to stronger bonds 
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(Alldredge and Gotschalk 1988), which may be the reason aggregates survived the strong 

turbulence generated in the laboratory experiments (Alldredge et al. 1990).  Aggregates in 

the benthic boundary layer tend to be much smaller than the marine aggregates observed in 

the upper ocean water column; in part because their composition contains a higher density 

of the minerals and sediments (Larsen et al. 2009).  In comparison, the composition of 

aggregates formed in the ocean surface layer contains an increased fraction of organic 

material, including living and dead phytoplankton (Simon et al. 2002; Silver and Shanks 

1978), faecal pellets (Turner 2015) and extracellular polymeric substances (EPS) (Bhaskar 

and Bhosle 2005). 

Another important difference between laboratory experiments, energetic coastal 

environments (e.g., bottom boundary layer, tidal channels) and the upper water column of 

the open ocean is the intensity of turbulence.  Turbulent kinetic energy dissipation rates in 

the upper water column rarely exceed 10-6 W kg-1, except in the top few meters of surface 

layer when breaking surface waves (Geyer et al. 2008; Smyth and Moum 2019) generate 

strong turbulence. Similarly, kinetic energy dissipation rates can far exceed 10-5 W kg-1 in 

laboratory experiments and in the bottom boundary layer of coastal environments, where 

waves and currents can generate intense near-bed turbulence (Geyer et al. 2008). As a result, 

the relationship observed between turbulence and aggregates in highly localized bottom 
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boundary layers (Mikkelsen et al. 2006; Safak et al. 2013) and energetic coastal waters 

(Braithwaite et al. 2012; Bowers et al. 2007) are not likely to be representative of processes 

occurring in the water column interior of the upper ocean that occupies most of the world 

ocean. 

These uncertainties support the necessity of field measurements in the upper ocean to 

develop our understanding of the relationship between turbulence and aggregates and its 

implications for the biological pump under climate change (Irwin et al. 2015). In this chapter, 

I collected simultaneous measurements of turbulence and aggregates in the upper ocean 

(~10-100 m) away from energetic coastal environments. I explore how aggregate size and 

other related properties, such as morphology and volume concentration, are affected by 

turbulence in the sunlit upper layer of the world ocean where particles are formed by primary 

production. 

 

2.2 Method  

2.2.1 Observation site 

Laboratory of ocean ecosystem dynamics lead by Prof. Yamazaki made a series of non-

disruptive measurements of turbulence and aggregates in the upper ocean water column, 



12 

 

between the surface and 100 m. Measurements were made during 10 campaigns and multiple 

seasons in coastal and offshore waters of Japan (Table 2.1). 

 

2.2.2 TurboMAP-L 

Microscale variations in temperature and turbulent velocity were measured with a free-

fall microstructure profiler (TurboMAP-L, JFE Advantech Co., Ltd., Figure 2.1, Table 2.2, 

(Doubell et al. 2009) at a sample rate of 512 Hz and a fall-speed of ~0.5 m s-1.  I estimated 

the rate of turbulent kinetic energy dissipation (ε, W kg-1) by integrating the turbulent 

velocity shear spectrum obtained from a shear probe over 2 second segments (~ 1m) from 

approximately 1 cycle per meter to half the Kolmogorov wavenumber ((ν3 ε⁄ )
1

4⁄ ) (Doubell 

et al. 2014; Kokubu et al. 2013), where 𝜈 is the kinematic viscosity of seawater.  A 

correction was applied to recover the unresolved variance of velocity shear spectrum (Oakey 

and Elliott 1982) using the Nasmyth empirical spectrum (Nasmyth 1970).  The size of the 

shear probe that measures turbulent velocity was designed to resolve an expected minimum 

level of ε ~ 10-10 W Kg-1 (Lueck et al. 2002) under the assumption of isotropic turbulence 

(Tennekes and Lumley 1972).  Although turbulence may not be isotropic when ε is low, 

axisymmetric turbulence theory that accounts for stratification effects on turbulence 

indicates the error associated with use of the isotropic turbulence theory is less than 35% 
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(Yamazaki and Osborn 1990).  Therefore, ε estimates based on the isotropic turbulence 

theory are a reasonable approximation to its true value.  To avoid contamination by vessel-

generated turbulence, I discarded ε observations obtained within 10 m of the surface. 

Increases in the 1 m scale turbidity or ε were used to detect the presence of bottom boundary 

layer in waters less than 100 m deep.  Since these signals were typically detected much 

closer than 10 m from the bottom, I discarded observations made within the bottom 10 m of 

all profiles to avoid contaminating water column observations without those from benthic 

boundary layers. 

 

2.2.3 DSL camera 

A mini CMOS camera (DSL II 190, Little Leonard Inc., Figure 2.1.c) (Doubell et al. 2009) 

mounted on TurboMAP-L collected images of aggregates at a sampling rate of 5 Hz 

simultaneously with shear observations. Processed images had a field of view of 2 cm × 2 

cm and a pixel resolution of 59 µm (Doubell et al. 2009).  Streaked images were identified 

by assessing the 2D image spectrum using a 2D Fast Fourier Transform (2D FFT) (Doubell 

et al. 2009; Franks and Jaffe 2001).  The 2D spectrum is a symmetric circle when images 

are not smeared, whereas asymmetry is seen in the 2D spectrum of streaked images.  To 

test for asymmetry, two perpendicular sets of 1D spectra were chosen and the ratio of 
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variance for each wavenumber was calculated for each perpendicular pair. The variance ratio 

is approximately 1 in unstreaked images, with images rejected from further analysis if the 

average variance ratio for one perpendicular pair exceeded 1.5 or 1/1.5.  This criterion 

assesses smearing across all aggregates imaged in the field of view and minimizes the 

rejection of images which contain rare individual long and thin aggregates. 

Individual aggregates were then approximated as ellipses using the regionprops function 

in MATLAB (Mathworks Inc.) to determine major (MajAL) and minor (MinAL) axis lengths 

and equivalent spherical diameters (ESD).  To focus on the larger size fraction of 

aggregates expected to be influenced by turbulence (McCave 1984), only objects with 

MajAL > 0.03 cm were considered to be aggregates. Coincident high-resolution fluorescence 

microstructure profiling that resolved millimetre scale changes in chlorophyll-a fluorescence 

showed extremely strong signals where aggregates were seen (Doubell et al. 2009), implying 

that aggregates captured by the DSL camera contained live phytoplankton. Additional 

laboratory tank experiments using particles of known size were also conducted to confirm 

that unfocused particles and streaked images were removed by the size threshold and 2D 

spectrum criteria.  In total, 57,669 images collected over 148 profiles were retained. A total 

of 1,269,978 aggregates were identified; among them 1,103,412 aggregates were observed 

for ε< 10-6 W kg-1 and 166,566 aggregates for ε > 10-6 W kg-1. 
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Relationships between turbulence and aggregates were then examined using 10 m scale 

average properties that included, the average turbulent kinetic energy dissipation rate (ε̅, W 

kg-1), total aggregate volume concentration (Vagg, ppm), aggregate minor axis length (MinAL̅̅ ̅̅ ̅̅ ̅̅ ̅, 

cm), major axis length (MajAL̅̅ ̅̅ ̅̅ ̅̅ ̅, cm), equivalent spherical diameter (ESD̅̅ ̅̅ ̅̅ , cm) and aspect 

ratio (AR̅̅ ̅̅  =  
MajAL̅̅ ̅̅ ̅̅ ̅̅ ̅

MinAL̅̅ ̅̅ ̅̅ ̅̅ ̅
), where the over bar represents the 10 m scale mean value. Since the 

imaging system provides a 2D image of a 3D object, differences in aggregate size due to 

orientation are expected to be reduced by the use of 10 m scale average metrics. The volume 

of an individual aggregate is calculated as 
π

6
ESD

3
, where Vagg is the fraction of volume 

occupied by aggregates and is expressed in cm3 m-3, equivalent to parts per million (ppm). 

Aggregate number spectra (Petrik et al. 2013) (n) were used to describe the size 

distribution of aggregates.  The number of aggregates (∆N) in logarithmically increasing 

MajAL bins of average size d was divided by the bin width (∆d) and the sample volume to 

construct a number spectrum.  Any ∆N<10 was discarded before computing n. For each 

spectrum, a bilinear relationship was fit to log(n) as a function of log(d) to obtain values for 

the inflection point (Lint) and the slope below (slope 1, small aggregates) and above (slope 

2, large aggregates) the Lint.  The mean sum of squared error of each fit was then calculated. 

Different Lint was then selected at intervals of ∆d either side of the first Lint and the slopes 
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determined.  The final accepted Lint and slopes were those with the smallest mean sum of 

squared error. 

Finally, the distribution of aggregate volume as a function of the ESD size expressed as 

the normalised volume distribution nVd (Petrik et al. 2013; Jackson et al. 2015) was 

estimated for each order of magnitude of 𝜀 ̅ of between 10-10< o(𝜀)̅ <10-5 W kg-1.  For each 

o(𝜀)̅ interval, the number of aggregates in logarithmically increasing ESD bin sizes (d) was 

divided by the bin width (∆d) and sample volume to construct an ESD number spectrum.  

ESD number spectra were multiplied by V=
π

6
ESD

3
and d to obtain nVd, whereby the integral 

of nVd is equivalent to Vagg = ∫ nV dd  = ∫ nVd d( ln d). 
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Figure 2.1 TurboMAP L and DSL camera. (a) TurboMAP-L (b) DSL camera mounted 

on TurboMAP-L (c) DSL camera 

 

Table 2.1 Aggregate size and abundance at each site 

 

  
Major axis length [cm]    

  Min. Max. Mean SD Picture Particles 
Abundance 

[cm-3] 

Kuroshio09 0.03 0.99 0.06 0.05 18455 94802 0.64 

Kuroshio13 0.03 1.22 0.06 0.04 21771 202795 1.16 

Miyake 0.03 1.16 0.08 0.06 5944 48471 1.02 

Oshima 0.03 1.65 0.08 0.07 13238 90213 0.85 

Otsuchi 0.03 0.91 0.08 0.05 4187 135168 4.04 

Joga 0.03 1.96 0.1 0.09 8466 241919 3.57 

Tateyama 0.03 1.17 0.09 0.07 2289 88001 4.81 

Tokyo Feb 0.03 1.5 0.11 0.1 2491 226566 11.3 

Tokyo Sep 0.03 1.3 0.09 0.08 4860 234666 6.04 

Biwa 0.03 0.86 0.07 0.05 5950 183067 3.85 
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Table 2.2 TurboMAP-L specification 

     

Parameters Range Accuracy Resolution Sampling rate [Hz] 

Shear[s-1] 0 to 4 5% 0.0001 512 

Fast 

temperature[degC] 
-5 to 45 ±0.01 <0.0001 512 

Slow 

temperature[degC] 
-5 to 45 ± 0.05 0.001 64 

Conductivity[mS-1] 0 to 70 ± 0.01 0.002 64 

Pressure [m] 0 to 500 0.2% 0.01 64 

Accelerometers[G]     

- X 

±1 1% 

0.0005 256 

- Y 0.0005 256 

- Z 0.0005 64 

Fluorescence     

- LED [ugL-1] 0 to 100 ±0.5 0.005 256 

- Laser 0 to 100 ±0.5 0.005 256 

Turbidity[ppm] 0 to 100 ±1 0.0005 256 

 

2.4 Results 

2.4.1 Turbulence and aggregate size and volume concentration 

Values of 𝜀 ̅ ranged from 10-10 to 10-5 W kg-1 (Figure 2.2.a) and spanned the full range of 

naturally occurring turbulence intensities found in the upper ocean interior, away from 

energetic surface and bottom boundary layer regions (Geyer et al. 2008; Smyth and Moum 

2019).  Aggregate MajAL̅̅ ̅̅ ̅̅ ̅̅ ̅ ranged between 0.031 and 0.133 cm and log10 (MajAL̅̅ ̅̅ ̅̅ ̅̅ ̅ ) and 

was positively correlated with log10(ε̅) (Figure. 2.2.a, r2 = 0.52, n = 567, p << 0.001).  The 
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majority of (MajAL̅̅ ̅̅ ̅̅ ̅̅ ̅ ) were smaller than the size of the smallest turbulent eddies, here 

defined by the Kolmogorov length scale (Lk  =  (ν3 ε⁄ )
1

4⁄ ). Positive correlation between 

log10(MajAL̅̅ ̅̅ ̅̅ ̅̅ ̅) and log10(Vagg) (Figure 2.2.b, r2 = 0.74, n = 567, p << 0.001) indicates that 

Vagg is also a crucial factor determining the size distribution of aggregates, since aggregate 

total volume is a measure of the number of particles available for coagulation (Jackson 1990).  

Higher particle concentrations should increase coagulation rates, leading to larger particles, 

while sinking and disaggregation prevent particles from becoming indefinitely large. 

Multiple linear regression analysis showed that log10( ε̅ ) and log10( Vagg ) collectively 

explained 81% of the variance in log10(MajAL̅̅ ̅̅ ̅̅ ̅̅ ̅) (r2 = 0.81, n=567, p<<0.01), with log10(ε̅) 

contributing 32% and log10 (Vagg) 68% to this correlation. 

 

2.4.2 Aggregate size distribution  

The results show 97% of MajAL̅̅ ̅̅ ̅̅ ̅̅ ̅ values were below 0.1 cm in size (Figure 2.2.a), which 

is the size Lk for ε̅ = 10-6 W kg-1 and the upper limit of dissipation rates typically observed 

in the ocean interior (Geyer et al. 2008; Smyth and Moum 2019). The positive correlation 

observed at length scales smaller than Lk  demonstrates that turbulence enhancement of 

aggregation occurs at higher rate than disaggregation when shear is laminar (Braithwaite et 

al. 2012) and aggregate sizes are smaller than Lk. This fact results in the net formation of 
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larger aggregates. When the flow scale is equal to the Kolmogorov scale, the Reynolds 

number is 1 and the flow is very viscous, hence the resulting flow at this length scale is 

laminar shear (Tennekes and Lumley 1972). Previous bottom boundary observations have 

shown a decrease in aggregates size when Lk was smaller than 0.1 cm, equivalent ε > 10-6 

W kg-1 (Braithwaite et al. 2012). Therefore, I expect that for ε̅ > 10-6 W kg-1 and MajAL̅̅ ̅̅ ̅̅ ̅̅ ̅ <

Lkthe disaggregation rate exceeds the aggregation rate, as shear associated with the smallest 

turbulent eddies causes breakup and inhibits further size increases. 

While values of MajAL̅̅ ̅̅ ̅̅ ̅̅ ̅ shown in Figure 2.2 were calculated using 10 m averages, the 

number of individual aggregates with MajAL larger than Lk  remained relatively small. 

Above ε̅  ≥10-6 W kg-1, 63% of individual MajAL sampled (non-averaged samples, 

n=166,566) were smaller than Lk. At lower turbulent intensities, the proportion of individual 

aggregates smaller than Lk increased from 80% at ε̅ = o(10-7 W kg-1) to 99% of aggregates 

at ε̅ = o(10-10 W kg-1). This shift demonstrates that aggregate size distribution is a dynamic 

property, with the potential for some aggregates to increase in size even under high average 

turbulent intensities (ε̅ > 10-6 W kg-1) and for others to undergo disaggregation at lower 

average turbulent intensities (ε̅ < 10-6 W kg-1). This interpretation is supported by results 

shown in Figure 2.3, which demonstrates increases in the variability of individual aggregate 
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sizes around the mean, expressed as the coefficient of variation, ( CVMajAL =

standard deviation/mean), under increasing turbulent intensities. 

For a more direct comparison between turbulence and aggregate size I calculated the mean 

size of individual aggregates for each order of magnitude of  �̅�  (MajAL
ε

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ , cm).  Increases 

in MajAL
ε

̅̅ ̅̅ ̅̅ ̅̅ ̅̅  dropped from ~20% between ε̅  = o(10-10 W kg-1) and o(10-9 W kg-1) to ~10% 

between  ε̅  = o(10-7 W kg-1) and o(10-6 W kg-1) (Figure 2.3.a) and were associated with a 

corresponding increase in the coefficient of variation (CVMajAL) from 0.69 to 0.98 (Figure 

2.3.b). The plateau in CVMajAL observed at higher turbulent intensities is consistent with 

disaggregation rates increasing as both turbulence levels and the average size of aggregates 

increase (Figure 2.2.a). 

 

2.4.3 Turbulence and shape of aggregate 

Increases in aggregate size with turbulence were also associated with changes in 

aggregate morphology (Figure 2.4). The increase in (AR̅̅ ̅̅ ) with log10(MajAL̅̅ ̅̅ ̅̅ ̅̅ ̅) (Figure 2.4.a ; 

r2 = 0.45, n = 567, p<< 0.001) and log10 ε̅ (Figure 2.4.b; r2 = 0.40, n = 567, p << 0.001) 

shows that aggregates became elongated with increases in size and turbulence intensity.  

Numerical simulations and laboratory experiments (Eaton and Fessler 1994; Squires and 

Eaton 1991; de Jong et al. 2010) have shown that inertial particles in turbulence cluster in 
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regions of high-strain. The current results suggest that larger aggregates become inertial, 

possibly being strained by shear due to strong turbulence, resulting in elongation.  Whilst 

increased inertial force on larger aggregates may also enhance breakage under strong 

turbulence, laboratory experiments (Ruiz et al. 2004) and numerical simulations (Clifton et 

al. 2018) have demonstrated the settling velocity of elongated phytoplankton increase under 

elevated turbulence.  It is possible that aggregate settling velocity increases due to both 

morphological changes (Figure 2.4.b) and size increases (Figure 2.2.a, Figure 2.3) under 

increasing turbulence up to a critical turbulent intensity, ε̅ = 10-6 W kg-1. 

Aggregate number spectrum (n, cm-4) (Petrik et al. 2013) as a function of log10(MajAL) 

describes the non-averaged size distribution of individual aggregates throughout the water 

column. Figure 2.5 shows a spectrum for individual aggregates sampled between 10 and 100 

m depth from the Kuroshio extension (37˚04ʹ05ʺN, 142˚54ʹ36ʺE).  Here, an average 

dissipation rate εCA was computed from all individual ε to estimate the corresponding mean 

Kolmogorov scale (Lk,CA, cm) in these near surface waters (Figure 2.5, dashed lines). Two 

slopes were fitted to the number spectrum (Figure 2.5, solid lines), with a gradient of -2.72 

for the smaller aggregate size range (slope 1) and -4.53 for the larger aggregate size range 

(slope 2). There was a decrease in the number of aggregates expected by using the line fit to 

the smaller aggregates for aggregates larger than the intersection (Lint, cm) of the two lines. 
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Here, Lint is 0.16 cm and the Kolmogorov scale based on εCA is Lk,CA = 0.17 cm. The 

ratio between Lint  and Lk,CA is 0.95 and shows the number of aggregates decreases 

significantly when aggregate size is larger than Lk,CA.  This trend was consistent across all 

campaigns used in this study (Appendix Figure A and Table A). The significant decrease in 

n as the aggregate size exceeds Lk,CA suggests that the role of particle collision in aggregate 

formation becomes smaller as disaggregation due to turbulence becomes more prominent. 

The normalized volume distribution (nVd, ppm) (Petrik et al. 2013; Jackson et al. 2015) 

as a function of log10(ESD) provides further insight into aggregation and disaggregation 

processes (Figure 2.6). The shape of the nVd distributions is similar to the lognormal 

distributions described previously (Petrik et al. 2013). A simulation (Jouandet et al. 2014) 

showed that nVd for aggregates have a lognormal-like distribution when both aggregation 

and disaggregation are taken into account, suggesting that disaggregation occurs at all level 

of turbulence (Figure 2.6). This is consistent with the original breakage model proposed by 

Kolmogorov (1941b). Lognormal turbulence theory (Kolmogorov 1941b; Gurvich and 

Yaglom 1993) shows that a fraction of the water over which ε̅  is calculated contains 

localized regions of the turbulent kinetic energy dissipation rate higher than ensemble 

average (Yamazaki and Squires 2003). Hence, for the range of observed ε̅, parcels of highly 

localized turbulence may exceed ε = 10-6 W kg-1 and are expected to cause disaggregation 
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even under conditions of low average dissipation rates. The area under the curve of nVd is 

proportional to Vagg
 (Petrik et al. 2013; Jackson et al. 2015). Increased nVd with ε̅ is 

consistent with the aggregation rate increasing under stronger turbulence. The distribution 

peak shifted to larger ESD with increasing in ε̅ by ~15-20% when ε̅ increased one order 

of magnitude. The increase was limited to ~0.16 cm when ε̅ = 10-6 – 10-5 W kg-1.  For ESD 

larger than the distribution peak, negative nVd slopes indicate that loss of the large 

aggregates by disaggregation counters their production by aggregation; steeper slopes at 

higher ε̅ show that the loss becomes more rapid as the turbulence intensity increases. This 

is consistent with turbulence-induced disaggregation rate overtaking the aggregation rate 

with increased Vagg.  
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Figure 2.2 Changes in average major axis length (MajAL̅̅ ̅̅ ̅̅ ̅̅ ̅, cm) of aggregates (n=567) with 

corresponding measures of; (a) average turbulent kinetic energy dissipation rate (ε̅, W kg-1) 

and (b) total aggregate volume concentration (Vagg, ppm). All values were calculated over 

10-m depth intervals. The black solid line in (a) shows the Kolmogorov length scale and 

grey dashed lines in (a) and (b) indicate regression lines. 
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Figure 2.3 Aggregates were sorted into 5 turbulence ranges based on corresponding ε; (a) 

individual aggregates within each range were used to calculate mean and standard deviation 

of MajAL.  Blue dashed line indicates where CVMajAL , given by 
Standard deviation

Mean
, is 1.  

CVMajAL and o( �̅�) for each point are annotated. The total number of aggregates, average 

size and standard deviation and CVMajAL for each turbulence range were: o( �̅�) = 10-10) 

182493, 0.051, ± 0.036 cm, 0.71; (o( �̅�) = 10-9) 164335, 0.063 ± 0.054 cm, 0.86; o( �̅�) = 10-

8) 471271, 0.076 ± 0.072 cm, 0.95; (o( �̅�) = 10-7) 284695, 0.086 ± 0.084 cm, 0.98 and ( o( �̅�) 

= 10-6) 166566, 0.098 ± 0.096 cm, 0.98, respectively. (b)  CVMajAL increased as o( �̅�) 

increased. 
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Figure 2.4 Relationship between the average aspect ratio (AR̅̅ ̅̅ ) of aggregates (n = 567) 

with corresponding average values of; (a) major axis length (MajAL̅̅ ̅̅ ̅̅ ̅̅ ̅ , cm) and (b) the 

turbulent kinetic energy dissipation rate (ε̅, W kg-1). All values were averaged over 10 m 

depth intervals. 

 

 

Figure 2.5 Number spectrum (n, cm-4) shows the aggregate size distribution over 

logarithmically increasing MajAL (cm) size classes.  Data were from the Kuroshio 
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extension (37˚04ʹ05ʺN, 142˚54ʹ36ʺE) where maximum water depth exceeded 5000 m.  All 

individual aggregates sampled in depths 10- 100 m (total 17,526 aggregates) were used to 

construct n.  Dashed line indicates Lk= 0.17 cm based on the cruise average dissipation rate 

(εCA̅̅ ̅̅  = o(10-7 W kg-1).  The fitted slopes are -2.72 (slope 1) and -4.53 (slope 2) and the 

intersection between the two lines Lint is 0.16 cm 

 

 

 

Figure 2.6 Changes in the normalised volume distribution (nVd, ppm) of aggregates as a 

function of equivalent spherical diameter (ESD, cm) for 5 orders of turbulent kinetic energy 

dissipation rate (𝒐(ε̅), W kg-1) measured in the upper (10 - 100 m) ocean.  Vertical dashed 

lines indicate the mode for each lognormal nVd distribution.  Aggregation dominated below 

the mode and disaggregation above the mode. 

 

2.5 Conclusion 

This study provides a comprehensive set of simultaneous measurements of aggregate 

concentrations as a function of size that resolve the full range of turbulent intensities, ε̅ = 
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10-10 – 10-6 W kg-1, found within the upper ocean away from energetic near surface and 

bottom boundary layers (~10-100 m depth). Although turbulent intensities in coastal 

environments and near boundary layers can far exceed 10-5 W kg-1, our observed values 

cover the range of intensities found typically over the majority of world upper ocean 

surface layer (Geyer et al. 2008; Smyth and Moum 2019). This study shows turbulence 

enhances aggregation up to ~ε̅ = 10-6 W kg-1 with greater turbulence intensities cause 

increasing disaggregation, consistent with laboratory (Dyer and Manning 1999) and 

theoretical (Ruiz and Izquierdo 1997; Winterwerp 1998) studies and the early conceptual 

view of aggregation dynamics studied in coastal environments (Dyer 1989). Since most of 

the ocean upper water column interior contains ε̅ < 10-6 W kg-1 (Geyer et al. 2008; Smyth 

and Moum 2019), turbulent mediation of aggregate size and morphology is likely to be an 

important factor influencing a range of biogeochemical processes, including carbon 

sequestration. This is because aggregate size and morphology are important determinant 

factors of settling velocities and carbon flux (Alldredge 1998; Laurenceau-Cornec et al. 

2015), microbial abundances (Kiorboe et al. 2003; Kiørboe 2003) and associated 

biogeochemical activity through bacterial remineralization (Kiørboe 2003; Simon et al. 

2002; Azam and Long 2001). As climate change is expected to supress turbulence intensity 

(Passow and Carlson 2012) and alter phytoplankton communities (Falkowski and Oliver 
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2007; Irwin et al. 2015) in the euphotic zone, the mediation of aggregates by turbulence 

may have unexpected consequences for global carbon cycle via the biological pump 

(Gehlen et al. 2006). 
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Chapter 3. Aggregate as a hotspot of phytoplankton: Comparison 

between aggregate and laser fluorescence data 

 

3.1 Introduction 

Marine aggregate was, historically, recognised as a community of dead organic 

materials when it was first collected and observed by a microscope (Tsujita 1953). Recent 

studies, in contrast, have shown that aggregate contains live organisms (Azam 1998; 

Shanks and Trent 1979; Silver and Shanks 1978),with organic and inorganic contents such 

as chlorophyll-a, particulate organic carbon an nitrate. Because of their biological makeup, 

aggregate plays an important role in marine ecosystems. For example, individual aggregate 

accommodate many different organisms and becomes hotspots of microbial activities 

(Simon et al. 2002). Aggregate also comprises an important nutrient source to oligotrophic 

waters (Shanks 2002); nutrient-rich water is trapped inside aggregate during their 

formation and it is delivered to deeper water as aggregate sinks. Aggregate can attract 

organisms, particularly when nutrients inside leak out during its erosion. Furthermore, 

experimental studies (Larson and Shanks 1996; Kiørboe 2001) have shown that various 

fish and copepod feed on aggregate directly. Despite such biological importance, few in-

situ observations have been used to directly compare aggregate to biological parameters. 
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In this study, images of aggregate and fluorescence is collected from 10 different fields 

around Japan. Direct comparison between aggregate sizes and fluorescence signals will be 

shown to investigate the relationship between fluorescence signals and aggregate sizes, 

using in-situ field data. Furthermore, contrasts will be described between aggregate in open 

water and coastal water. 

3.2 Method 

3.2.1 TurboMAP-L and laser fluorescence probes 

Microscale variations in temperature and turbulent velocity were measured with a free-

fall microstructure profiler (TurboMAP-L, JFE Advantech Co., Ltd.) at a sampling rate of 

512 Hz and a fall-speed of ~0.5 m s-1. See Method 2.2.1 for more details.  

As described in section 2.2.1 and Table 1, TurboMAP-L carries 2 fluorescence probes 

using different light sources. A laser fluorescence probe resolves ~2 mm (Doubell et al., 

2009) while a LED fluorescence probe resolves ~ 2 cm (Wolk et al., 2001). Previous 

studies that compared vertical profiles obtained by the laser fluorescence probe and the 

LED fluorescence probe have shown that the laser fluorescence probe acquired intermittent 

strong signals which were not obtained by the LED fluorescence probe (Doubell et al. 

2009). Since averaged profiles agreed, it was concluded that the laser fluorescence probe 

was detecting smaller scale phytoplankton distribution. They also found that aggregates 

were more abundant in depth where laser fluorescence signals showed intermittent 
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features, suggesting that the intermittent strong signals were from individual aggregates. 

Thereby, in this study, the laser fluorescence probe that resolves ~2 mm scale is used for 

comparison with aggregate distribution, assuming that the strong signals acquired by the 

laser probe are signals from aggregates. Since intermittent features obtained from the laser 

probe is lost when vertical profiles are averaged over depth, strong signals that exceed a 

certain threshold were integrated over 10 meters instead of taking average (Foloni-Neto et 

al. 2014). In order to extract intermittent signals as seen in Figure 3.1.a, a threshold was set 

at 1.5 times of 1 metre moving average. Red dashed lines in Figure 3.1.b, c and d show 1 

metre moving average and solid lines indicate the threshold. Signals exceeded the 

threshold were integrated for every 10 metres (red triangles in Figure 3.1.c and d) and 

integrated values are called integrated laser fluorescence intensity (ILFI, μg L-1/10m) in 

this study.  
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Figure 3.1  Integrating method of laser fluorescence data: a) A row profile of laser 

fluorescence signals. b) A threshold over 10 metres. A red dashed line is 1 metre moving 

average and a red solid line is 1.5 times of 1 metre moving average. The red solid line is 

used as a threshold to separate intermittent signals. b and c) Examples of signals that 

exceeded the threshold. The areas under ted triangles were integrated for every 10 metres. 

 

3.2.2 DSL camera and aggregate measures 

Images from DSL camera were used for aggregate measures. The detail description of 

DSL camera is given in Chapter 2 method section (2.1.2). In this Chapter, total volume 

concentration of aggregate (Vagg, ppm) over 10 metres which is a fraction of aggregate in 

water is used to compare with ILFI.   
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3.2.3 Number spectra  

Aggregate number spectra (n) were used to describe the size distribution of aggregates. In 

order to explore the differences between open water and coastal water, number spectra for 

open water and coastal water were constructed independently. The number of aggregates 

(∆N) in logarithmically increasing MajAL bins of average size d was divided by the bin width 

(∆d) and the sample volume to construct a number spectrum. Any ∆N<10 was discarded 

before computing n. For each spectrum, a bilinear relationship was fit to log(n) as a function 

of log(d). Bilinear regression lines were fitted to each size spectra. In this study, coastal 

water and open water are separated by locations. Open water includes Kuroshio (2009 and 

2013), Oshima and Jogashima. Coastal water includes Tokyo bay (September and February), 

Tateyama and Otsuchi. Lake Biwas is also included in category of coastal water for further 

investigation.   

 

3.3 Results 

3.3.1 Laser fluorescence signals 

Vertical profiles from the Kuroshio extension (2009) is shown in Figure 3.2. Laser 

fluorescence signals showed highly intermittent features and strong signals were seen in 

surface mixed layers and thermocline. Aggregates showed higher abundance in the depth 

where fluorescence showed strong signals. This suggests that locally strong fluorescence 
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signals are results of detecting aggregate as a community of phytoplankton. In order to 

confirm that the source of these intermittent signals is an aggregate, strong intermittent 

signals were directly compared with aggregate in next section.  

 

 

Figure 3.2 Vertical profile of (a) temperature, (b)density, (c) laser fluorescence and (d) 

aggregate abundance. Profile is obtained in Kuroshio extension in 2009 (37˚04ʹ05ʺN, 

142˚54ʹ36ʺE). Aggregate abundance is calculated over 5 metres in order to provide 

distribution in finer vertical scale. Laser fluorescence showed stronger signals in surface 

mixed layer between 10 and 50 metres.  
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3.3.2 Integrated laser fluorescence intensity and aggregate 

Strong signals were separated and integrated over 10 metres (ILFI, µg L-1/10m). ILFI 

ranged widely in both open water and coastal water (Figure 3.3). ILFI reached 8.3×103 µg 

L-1/10m in open water and 3.9×103 µg L-1/10m in coastal water. The smallest ILFI 

obtained was 2.9×10-1 µg L-1/10m in open water and 1.0×10-1 µg L-1/10m in coastal water.  

 

Figure 3.3 PDF of log-transformed integrated laser fluorescence intensity (ILFI, μg L-

1/10m). Both open water and coastal water had slightly left skewed distribution with 

skewness of -0.27 and -0.85 (n=472 and 314 respectively).  Locations of open water and 

coastal water were defined in method section. 3.3.2 Integrated laser fluorescence intensity 

and aggregate 

 

The integrated laser fluorescence intensity (ILFI, µg L-1/10m) was compared with 10 

metres averaged major axis length (𝑀𝐴𝐿̅̅ ̅̅ ̅̅ , cm) and total volume concentration of aggregate 

over 10 metres (Vagg, ppm) to validate the source of signals are aggregate. Across 10 

campaigns, 𝑀𝐴𝐿̅̅ ̅̅ ̅̅  ranged between 0.04 -0.13 cm. Aggregate in coastal water was slightly 

a b 
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larger than that in open water but most aggregate was ranging in the same length scale 

(Figure 3.4.a). 𝑀𝐴𝐿̅̅ ̅̅ ̅̅  and ILFI showed slight positive correlation over 10 data sets (r=0.37, 

p<<0.01, n=618). The correlation between 𝑀𝐴𝐿̅̅ ̅̅ ̅̅  and ILFI was strong in coastal water 

(r=0.77, p<<0.01, n=227), while 𝑀𝐴𝐿̅̅ ̅̅ ̅̅  and ILFI showed almost a weak correlation in 

open water (r=0.19, p<<0.01, n=391). Therefore, this fact suggests that aggregate contains 

more phytoplankton cells as it becomes larger in coastal water. However, phytoplankton is 

densely concentrated in aggregate regardless of the aggregate size in open water. This may 

be because sediment can also be the source of aggregate in coastal water. Small aggregate 

in coast may be sediment-rich ones that contains less phytoplankton cells.   

Vagg was clearly smaller in open water than coastal water (Figure 3.4.b), showing that 

open water one is less occupied with aggregate. A strong positive correlation was found in 

coastal water data (r=0.70, p<<0.01, n=227), while the correlation was weak in open water 

data (r=0.25, p<<0.01, n=391). Figure 3.4.b shows more significant difference between 

open water aggregate and coastal aggregate. For a given ILFI, Vagg is smaller in open water 

than coastal water. This suggests that water column in coastal water needs to be more 

occupied with aggregate to obtain the same level of ILFI as open water case. Thus, 

phytoplankton is more densely concentrated in open water aggregate than coastal water 

aggregate. Although water column is less occupied with aggregates in open water, 
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individual aggregate carries highly concentrated phytoplankton as discussed above. The 

Kuroshio extension water is known as an oligotrophic and poor in productivities, however, 

this result suggests that productivities may be low on average but phytoplankton in 

hotspots (aggregates) are supporting the microscale ecosystems.  

 

Figure 3.4 Comparison between ILFI and (a) 10m averaged major axis length 

(MajAL̅̅ ̅̅ ̅̅ ̅̅ ̅, cm) and (b) total volume concentration of aggregate (Vagg, ppm). Black circles 

indicate open water (n = 391) and red cross indicates coastal water (n=227). Black and red 

dashed lines indicate regression lines. 

 

 

3.3.3 Aggregate size distribution  

In order to further investigate the difference in aggregate size between coastal water and 

open water, number spectra were constructed (Figure 3.5). Average MajAL in coastal water 

was 0.094 cm (n=811146) and 0.068 cm (n=292563) in open water, suggesting that 

a b 
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aggregates in coastal water are slightly larger than aggregates in open water, which is 

consistent with Figure 3.4.a. Larger n in coastal water shows that aggregate was more 

abundant in coastal water. This supports the result of Figure 3.4.b that shows that water 

column is more occupied with aggregate in coastal water than open water.  

For both regions, bilinear regression lines were fitted; a slope over small aggregate is 

called slope 1 and a slope over large aggregate is called slope 2. For open water, slope1 ~ -

2.34 and slope2 ~ -4.34, while slope1 ~ 1.68 and slope2 ~ -3.78 for coastal water. Less 

steep slopes for the coastal number spectrum show that aggregate distributes more evenly 

over different size classes, although large ones are less common. A steep slope for the open 

water number spectrum, however, shows that the difference in abundance is larger over 

size classes. Small n for large size class also shows aggregate becomes rarer when it 

becomes larger. Since water column is less occupied with aggregate in open water (Figure 

3.4.b), particle collision rate that is an important parameter to control formation of 

aggregate (Jackson 1990) is expected to be low which may result in less large aggregate in 

open water.  
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Figure 3.5 Aggregate number spectra as a function of major axis length (MajAL, cm); 

black circles indicate open water and red crosses indicate coastal water.  

 

 

3.4 Conclusion  

High abundance of aggregate was found in the surface mixing layer and thermocline 

where laser fluorescence showed strong signals (Figure 3.2), consistent with previous work 

(Doubell et al. 2009). This result indicates that the locally strong signals obtained by the 

laser fluorescence probe are likely detecting individual aggregates. Aggregates in coastal 

water were larger (Figure 3.4.a) and more abundant over different size classes (Figure 3.5) 

than the open water ones. Vagg was also higher in coastal water (Figure 3.4.b), showing that 

water is more occupied with aggregates. Although the data from bottom 10 metres is 

discarded to avoid resuspended sediment from bottom, turbidity in coastal water is higher 
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(Figure 3.6). Since the collision rate of particle increases with particle concentration, more 

aggregate is formed through collision in coastal water. Formation of large aggregate is 

more promoted when water column is more occupied with aggregate as discussed in 

Chapter 2.   

Comparison of ILFI between coast and open water (Figure 3.4.a) showed higher Vagg of 

coastal water at given ILF, suggesting that phytoplankton is densely concentrated in open 

water aggregates. The Kuroshio is known as an oligotrophic environment with lower 

abundance of phytoplankton, however, it is possible that highly concentrated 

phytoplankton in aggregate is providing locally high productivity and supporting the local 

ecosystems.  
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Figure 3.6 TS diagram. a: TS diagrams indicating open water (black circles) and coastal 

water (red crosses). Each variable is 1 m average. b: Turbidity indicated with colour on TS 

diagram. Turbidity is also 1 m average. 

 

 

T
u
rb

id
it
y
 [

p
p
m

] 



44 

 

Chapter 4. Long term monitoring of aggregate using an 

observatory station  

 

4.1 Introduction 

Marine aggregate, formed through particle flocculation, is known to have significant 

impacts on marine ecosystems (Azam and Long 2001; Larson and Shanks 1996) and 

climate (Passow and Carlson 2012). Studies of aggregate were heavily based on laboratory 

experiments (Alldredge and Gotschalk 1988) and theoretical studies (Winterwerp 2002; 

Jackson 1990). Recently, imaging systems have been applied to collect vertical profiles of 

plankton such as Video Plankton Recorder (Gallager et al. 2004) and holographic systems 

(Owen and Zozulya 2000). These approaches can collect natural living organisms; 

however, it is still challenging to collect images of aggregate due to the fragile nature of 

aggregate. Unless the instruments are smoothly deployed with weak vibrations, the 

disturbance caused by instruments or the supporting frames can destroy fragile aggregates. 

A small digital still logger camera mounted on a microstructure profiler that travels 

vertically in free fall mode successfully recorded aggregate with non-disruptive method 

(Doubell et al. 2009). Using the same method, the roles of turbulence on formation and 

deformation of aggregate was presented in Chapter 2, and the difference of fluorescence 

intensity of aggregate in coastal water and open water was presented in Chapter 3. Since 
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the individual survey was conducted for a short-term period (the longest one among the 

data set was 18 hours) In this chapter, a long-term monitoring of aggregates is presented to 

explore the seasonal variation of aggregates.   

 

4.2 Method 

4.2.1 Cabled observatory; OCEANS  

In order to observe a long-term change in aggregate composition, a cabled observatory 

system (Oshima Coastal Environmental data Acquisition Network System, herein after 

OCEANS, Figure 4.1) was deployed at the southeast (Habu port) of Oshima island, Tokyo, 

Japan (Figure 4.2). The bottom depth at the deployment location is about 20 metres. The 

system was mounted on a concrete block. The sensors were located ~ 3 metres above the 

bottom (Figure 4.1). It carries various sensors to measure pressure, current, acoustic 

backscatter, temperature, salinity, PAR, fluorescence, turbidity, nitrate and dissolved 

oxygen at a sampling rate of mostly 1 Hz (Table4.1). A plankton camera (Continuous 

Plankton Imaging and Classification System, herein after CPICS) is mounted on the top of 

OCEANS (details in 4.2.2) to record images of plankton and aggregates. Acquired data 

were transmitted through an optical fibre to a shore station located at Tokyo Metropolitan 

Government that is located at west side of Habu port and recorded in a workstation. The 
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power was provided from the shore station to OCEANS through the cable. In this study, 

temperature, salinity and pressure data were used. 

 Significant wave height was estimated from the root mean square of sea surface 

elevations (Goda and Kudaka 2007). The sea surface elevations (𝜂𝑟𝑚𝑠) were obtained from 

high accuracy pressure sensor (Fofonoff and MIllard Jr. 1983). Siginificant wave height 

was espressed as: 

 𝐻1
3⁄ =   4.004𝜂𝑟𝑚𝑠.                                                      (4.1) 

OCEANS did not carry shear probes that are used for conventional microstructure 

profilers to estimate turbulent kinetic energy dissipation rate 𝜀 𝑊 𝑘𝑔−1. Assuming the 

lograrithmic law of the wall 𝜀 was estimate from the friction velocity (Drost et al. 2018):  

𝜀 =  
𝑢∗

3

𝑘𝑧
                                                             (4.2) 

where 𝑢∗ is the friction velocity, k is the von Karman constant and z is the distance 

from the bottom. k = 0.41 and z = 1.2 were used. The friction velpocity was obtained from 

the bed shear stress (𝜏) and the sea water density (𝜌): 

𝑢∗ =  (
𝜏

𝜌
)

1
2⁄
                                                               (4.3) 

The bed shear stress was estimated from the pure current shear stress (𝜏𝑐) and the wave 

related shear stress (𝜏𝑤): 
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𝜏 =  𝜏𝑐  [1 +  𝛼 (
𝜏𝑤

𝜏𝑐+ 𝜏𝑤
)

𝛽

]                                              (4.4) 

where 𝛼=1.2 and 𝛽=3.2 (Soulsby, 1995).  

Each shear stress was estimated from following equations: 

𝜏𝑐 =  𝜌𝐶𝐷�̅�
2
                                                              (4.5) 

𝜏𝑤 =  
1

2
𝜌𝑓

𝑤
𝑢𝑤,𝑟𝑚𝑠

2                                                          (4.6) 

where 𝐶𝐷 is the drag coefficient, �̅� is the background velocity calculated from the velocity 

data obtained by Aqua Doppler Velocimeter (Vector, Nortek AS), 𝑓𝑤 is the wave friction factor, 

and 𝑢𝑤,𝑟𝑚𝑠 is the orbital velocity (Wiberg et al., 2002) . The wave friction factor 𝑓𝑤 was 

estimated following Swart (1974):  

𝑓
𝑤

= 0.00251 𝑒𝑥𝑝 [5.21 (
𝐴

𝑘𝑠
)

−0.19
]  𝑓𝑜𝑟 

𝐴

𝑘𝑠
> 1.5                                   (4.7) 

𝑓
𝑤

= 0.3 𝑓𝑜𝑟 
𝐴

𝑘𝑠
> 1.57                                                            (4.8) 

where A = 
𝑢𝑤,𝑟𝑚𝑠

𝜔
 (𝜔 is the radian frequency) and 𝑘𝑠 is the Nikuradse roughness. 𝑘𝑠 =0.03 

was used following Drost et al. (2008).  
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Figure 4.1 Oshima Coastal Environmental data Acquisition Network System (OCEANS) 

Size of OCEANS is 180 × 145 × 120 cm (width ×length ×height). The system is fixed on a 

block of concrete as shown in the photo. 

 

Figure 4.2 a: Location of Oshima island (red solid square), 25 km from Izu peninsula of 

Japan. Mount Mihara is located in the central of the island. Red dashed square indicates the 

location of Habu port. b:Red circle shows the location of OCEANS. No river discharge in 

Oshima island.  
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Table 4.1 OCEANS sensors sampling rate 

Sensor Sample rate 

Pressure 1 Hz 

Current 8 Hz 

Current (Vertical) 60 secs 

Acoustic backscatter (Vertical) 60 secs 

PAR 1 Hz 

Temperature 1 Hz 

Salinity 1 Hz 

Temperature (Vertical)  1 Hz 

Nitrate 5 mins 

DO 1 Hz 

Fluorescence 1 Hz 

Turbidity 1 Hz 

 

4.2.2 Plankton camera; Continuous Plankton Imaging and Classification System 

(CPICS) 

CPICS (Figure 4.3) was mounted on the top of OCEASNS and collected high resolution 

images of plankton and aggregates at sampling rate of 3Hz-7Hz (Table4.1). A field view is 

11 mm ×15 mm and the focused depth is 2 mm, giving the sample volume of 330 mm3. 

CPICS resolves images with a pixel resolution of 6.19 μm which is enough to identify 

individual plankton and aggregates. Three hundred LED light source is equipped at the 

opposite side of the imaging camera system. All particles in each frame are automatically 

detected and the region of interest (ROI) including particles is trimmed and saved. Only 

the images in focus were selected to be saved. Saved images of ROI are classified by an AI 
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based plankton classifier (LAPS Plankton Detector, LPD software). LAPS was developed 

by Laboratory of Plankton System (LAPS) team of the Oceanographic Institute of the 

University of Sao Paulo. All ROI images are classified into 51 taxa including various 

zooplankton, phytoplankton, aggregate, detritus and mineral grains. Through this 

classification process, images that classifier could not identify were classified as unknown 

and images that had too low resolution was filtered out as unfocused images. Aggregates 

were classified into two types: ones with high porosity (type A) and ones with low porosity 

(type B) based on the visual difference (Figure 4.4). In this study, diatom chains or detritus 

are excluded from aggregate taxa.  

The automatic image classifier also calculate the properties of each image, such as major 

axis length (MajAL, cm), minor axis length (MinAL, cm), area, and equivalent spherical 

diameter (ESD, cm). Hourly averaged values of these variables were used in this study. 

Number spectrum as a function of MajAL was computed using the same method described 

in Chapter 2 and 3. In order to obtain accurate classification, classified images were 

manually validated. Since the validation was manually conducted, the available data sets 

were limited. In this study, two periods were compared; (1) October 2014 to January 2015 

and (2) October 2015 to January 2016.  
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Figure 4.3Continuous Plankton Imaging and Classification System (CPICS). (a) image 

of CPICS (picture by Coastal Ocean Vision website). (b) underwater photo of CPICS 

mounted on top of OCEANS (black dashed box). The strobe is at the left end of CPICS 

.  

Table 4.2 Sampling rate of CPICS 

 2014 2015 2016 2017 

Jan 

N/A 

3Hz 4Hz 
N/A 

Feb 

N/A 

5Hz 

Mar 5Hz 6Hz 

Apr 5Hz 6Hz 

May 5Hz 6Hz 

Jun 5Hz 

N/A Jul 5Hz 

Aug 3Hz 5Hz 

Sep 3Hz 4Hz 

N/A 

6Hz 

Oct 3Hz 6Hz 6Hz 

Nov 3Hz 

6Hz 

(-Nov 

12th) 

4Hz 

(Nov 

13th- ) 

N/A 

Dec 3Hz 4Hz 
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Figure 4.4 Aggregate images: Type A (top panels) and B (bottom panels). Type A 

aggregate contains more TEPs-like particles, which may be subjected to turbulence. Type 

B aggregate is denser, which is expected to have stronger bond to survive in turbulent 

flows. Type A aggregate shows multiple organisms, while type B shows fewer number of 

organisms is dominating.   

 

4.3 Results  

4.3.1 Hydrographic background 

Hourly averaged temperature and salinity data were compared between period 1 and 2 

(Figure 4.5). The temperature ranged between 15 and 25 ℃ for both periods, showing 

gradual decrease towards early January. The salinity ranged between 32 and 35 PSU, 

showing a temporal drop from the late October until the middle of November. Throughout 

the measurements, the salinity for the 2nd period appears lower than that of the 1st period. 

Since Oshima island is open to the Pacific Ocean, the Kuroshio may affect this area. TS-
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diagram clearly shows that the 1st period exhibited open water mass type and the 2nd period 

showed coastal water mass type (Figure 4.6). 

 

Figure 4.5 Time series of hourly average for 2014 – 2016: a) Salinity b) Temperature. 

Black line indicates period 1(2014 – 2015) and red line indicates period 2(2015-2016). 
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Figure 4.6 TS diagram. Black dots indicate period 1 (2014-2015) and red dots indicate 

period 2 (2015 – 2016). Period 2 shows lower salinity than period 1.  

 

 

4.3.2 Turbulence 

Turbulent kinetic energy dissipation rate (𝜺,W kg-1) remained between o(10-9) and o(10-

4) throughout period 1 and period 2. (Figure 4.7 and Figure 4.8.a). This is commonly seen 

in upper ocean water column (Geyer et al. 2008; Smyth and Moum 2019). 𝜺 showed 

higher values when significant wave height increased (Figure 4.8.a and b). Period 2 

showed higher average (1.04×10-6 W kg-1) than period 1 (3.82×10-7 W kg-1). Sum of 

multiple distributions were fitted to each distribution (Kokubu et al., 2013). Period 1 was 

expressed as mixture of two distributions and period2 was expressed as mixture of three 

distributions. Resulting fits passed Kolmogorov-Smirnov test with significant level of 5%.  
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4.3.3 Aggregate abundance 

Number of ROI counted for period 1 and period 2 was 427,645 and 1,117,648. On 

average, hourly abundance of all particles was 215 L-1/1hour for the 1st period while it was 

541 L-1/1hour for the 2nd period. Aggregate appeared more frequently during period 1; 

47 % of total ROI was aggregate in period 1 and 26% in period 2. Hourly abundance of 

aggregate reached ~103 L-1 for both periods (Figure 4.8.c). The average hourly abundance 

was 60 L-1 for the first period and 94 L-1/1hour for the second period. Relative occurrence 

of aggregate to other particles decreased to 26%, while hourly abundance of total particles 

and aggregate increased. This suggests that number of other organisms captured by CPICS 

increased more significantly than aggregate in period 2.  

  

Throughout period 1 and period 2, aggregate abundance and 𝜺 did not show correlation 

(period 1: r2=0.1, p<<0.01, n=1728; period 2: r2=0.04, p<<0.01, n=2207). However, 

particularly during strong turbulence events (shaded area in Figure 4.8.a and Figure 4.9.a), 

aggregate abundance correspondingly increased with increase of 𝜺 (shaded area in Figure 

4.8.c and Figure 4.9.c). Particularly first two events during period 1 showed strong 

correlation (1: r2=0.50, p<<0.01, n=117; 2: r2=0.57, p<<0.01, n=167). Since 𝜺 >10-6 W 
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kg-1, the increase of aggregate abundance can be due to disaggregation by turbulence. 

However, the abundance of large aggregate (>1 mm) correspondingly increased (Figure 

4.8.d and Figure 4.9.d). The increase of abundance simultaneously occurred over different 

size class and the number decreased with turbulence. Thereby, the influences of 

resuspension from the bottom is also negligible in increase of aggregate abundance.  

 

 

Figure 4.7 Distribution of lognormally transformed 𝜺 W kg-1. Sum of multiple 

distributions was applied to fit the distributions. Fits are indicated with red lines. a) mixture 

of two populations (𝜇= 1.75×10-7 and 𝜎2=2.50 × 10-7, 𝜇= 3.6×10-6, 𝜎2=1.80 × 10-3). b) 

mixture of three populations (𝜇= 9.33×10-6 and 𝜎2=2.35 × 10-6, 𝜇= 2.71×10-7 and 

𝜎2=1.72 × 10-7, and 𝜇= 1.59×10-6 and 𝜎2=9.41 × 10-7) 
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Figure 4.8 Time series of period 1: a) turbulence. Grey line shows 𝜺 estimated for 10 

minutes intervals. Black line indicates moving average over 1 hour. b) Significant wave 

height. Grey line shows 10 minutes data and black line indicates 1 hour moving average. c) 

Hourly average of aggregate abundance. D) Hourly average of aggregate abundance for 

three size classes (blue: 0-0.05cm, cyan: 0.05-0.1 cm, and yellow: 0.1-0.2 cm) 
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Figure 4.9 Time series of period 2: a) turbulence. Grey lines shows 𝜺 estimated for 10 

minutes intervals. Black line indicates moving average over 1 hour. b) Significant wave 

height. Grey line shows 10 minutes data and black line indicates 1 hour moving average. c) 

Hourly average of aggregate abundance. D) Hourly average of aggregate abundance for 

three size classes (blue: 0-0.05cm, cyan: 0.05-0.1 cm, and yellow: 0.1-0.2 cm) 
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4.3.4 Size distribution of aggregate 

Normalised number of aggregates over 12 size classes is shown in Figure 4.10 to 

explore the aggregate abundance with finer size scale. The most abundant size class of 

daily size distribution was 0.03 – 0.04 cm for the 1st period and 0.01-0.02 cm for the 2nd 

period. During the 1st period, 33% of total aggregate was larger than 0.05 cm.  This size 

corresponds to marine snow (Simon et al. 2002). On the other hand, only 4 % of total 

aggregate was larger than 0.05 cm in the 2nd period. Large aggregate (> 0.1 cm) appeared 

more frequently in the 1st period; 4% appeared in the 1st period but only 0.5% appeared in 

the 2nd period. This is also seen in Figure 4.8.d and Figure 4.9.d. These results suggest that 

open water aggregates are relatively larger than coastal water aggregates, since the 1st 

period showed open water mass type and the 2nd period exhibited coastal water mass type 

(Figure 4.5 and Figure 4.6). 

Figure 4.11 shows daily ratio of type A and B; type A is consisting of more Transparent 

Exopolymer Particles (TEPs) and type B contains less TEPs. The concentration of TEPs 

inside aggregate changes the strength of aggregate bound (Fettweis et al. 2014). Type A 

with more TEPs likely survive the disaggregation process.  

 Throughout the observed periods, about 50% of aggregates was type A during the1st 

period, on the other hand it was 32% during the 2nd period. Seasonal variation was 
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different for each time period. Type A was dominating in October and November during 

the 1st period, and type B became dominating aggregate in December. Conversely, type B 

was more abundant in October and November during the 2nd period, and type A became 

dominating aggregate in December. Large aggregate became more abundant (Figure 4.8) 

when type A was dominant (Figure 4.10), showing that type A aggregate was relatively 

larger. This is consistent with previous study that showed positive correlation between 

aggregate size and concentration of TEPs (Alldredge et al. 1998).  

Previous study showed positive correlation between the concentration of transparent 

exopolymer particles (TEPs) and salinity (Najdek et al. 2011; Mari et al. 2012). Since the 

1st period showed open water mass type having higher salinity, the concentration of TEPs 

was expected to be higher during the 1st period than that of the 2nd period. Thereby, more 

type A aggregate with higher TEPs was found during the 1st period. Since TEPs are 

negatively buoyant (Mari et al. 2017), the amount of TEPs inside aggregate has a 

significant influence on vertical flux.  

 



61 

 

 

Figure 4.10 Aggregate relative abundance over 12 size classes per day: a) period 1 and 

b) period1.  

 

 

Figure 4.11 Daily ratio of aggregate type: a) period 1 and b) period 2. Type A is fluffy 

looking aggregate with more TEPs and Type B is denser looking aggregate with less TEPs. 

 

 

a 

b 

a 

b 
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4.4 Conclusion 

The monitoring by OCEANS obtained long-term data sets of aggregate. Majority of 

aggregate seen by CPICS was small (Figure 4.8.d, Figure 4.9.d and Figure 4.10); 67% and 

96% of total aggregate was smaller than 0.05 cm. Taking average of MajAL over time bin 

resulted in losing information of large aggregate and showed almost not variation in size 

(Appendix, Figure B). Direct comparison between 𝑀𝑎𝑗𝐴𝐿̅̅ ̅̅ ̅̅ ̅̅ ̅ and 𝜺 did not show 

correlation. Hourly abundance of aggregate, however, showed increase with turbulence 

(Figure 4.8 and Figure 4.9). Relatively strong correlation between aggregate abundance 

and turbulence during strong turbulence event. Disaggregation process can be enhanced 

under strong turbulence, ε >10-6 W kg -1.Turbulence can destroy large aggregate into 

smaller ones and result in higher abundance. In such a case, abundance of large aggregate 

is expected to decrease before abundance of small aggregate increase. Figure 4.8.d showed 

almost no time lag between abundance of small aggregate and large aggregate. They rather 

increased simultaneously. This suggests that increase of aggregate abundance can be a 

result of resuspension. Clear evidence of aggregation or disaggregation was not found from 

direct comparison of aggregate size, abundance and turbulence. However, number spectra 

(Figure 4.12) exhibited nearly linear slopes for both 1st and 2nd period, -4.62 and -4.87 

respectively. Steep slopes (~ 4) suggests that majority of aggregate measured by CPICS is 
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exposed to disaggregation process. However, nVd spectra showed that the mode remained 

at same size scale over different turbulence level (Figure 4.13). This result implies that the 

other physical and biological mechanisms also control break-up of aggregate. Since the 

data was continuously obtained at 3 metres above seabed, the influences of turbulence on 

aggregate must be different from water column, as shown in Chapter 2. Further 

investigation is required to clarify the roles of turbulence on aggregate at the bottom 

boundary layer.  

 

Difference between period 1 and period 2 suggested features of open water type and 

coastal water type aggregate. Relatively large type A (more TEPs) aggregate more 

frequently appeared during period 1 (open water type).  

 However, Chapter 3 data obtained from a series of vertical profiles showed that coastal 

aggregates were larger than aggregate in open water. This can be due to difference in the 

amount of source of aggregate. Data in Chapter 3 was obtained from different location; 

Tokyo Bay, Otsuchi Bay, and Lake Biwa. Turbidity and fluorescence were higher in such 

locations than Oshima. Also, there is a significant difference mixing condition for the data 

obtained from OCEANS. Aggregation and disaggregation process were found in water 

column (Appendix, Figure A), however, disaggregation was suggested to be prominent in 
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this section (Figure 4.12). The process aggregate undergoes is different between water 

column and nears the bottom.  

Data from OCEANS showed difference between aggregate in open water type and 

coastal water type. Seasonal variation throughout a year or interactions between different 

organisms have not been explored. Since CPICS obtained photos of other organisms, 

comparison between abundance of aggregate and other organisms is expected to develop 

better understanding of ecosystems.  

  

 

Figure 4.12 Aggregate number spectra as a function of MajAL. Black circles indicate 1st 

period and red circles indicate 2nd period. One sloe was fitted to each spectra (period 1 : -

4.62 and period 2: -4.87). Steep slopes suggest that aggregate mostly undergoes 

disaggregation process. 
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Figure 4.13 nVd spectra as a function of equivalent spherical diameter (ESD,cm) for 5 

different level of 𝜺: a) period 1. Mode remained at almost same size (0.03 cm for 10-9<𝜺 

<10-8 and 0.035 cm for other orders of 𝜺). Number of samples was not sufficient to 

describe nVd for 10-5<𝜺 <10-4. b) mode remained at same size (0.035 cm for all orders of 

𝜺). Number of samples was not sufficient to describe nVd for 10-9<𝜺 <10-8. The same size 

of mode for over different orders of 𝜺 suggests that the influences of turbulence on 

aggregate may be small or other physical and biological influences are prominent. 
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Chapter 5. Influences of different measuring methods on 

aggregate observations 

5.1 Introduction 

The studies of aggregates have been conducted by laboratory experiments, theoretical 

studies and in-situ observations. Aggregates collected in field or cultured aggregates are 

used for laboratory experiments (Alldredge 1998; Prairie et al. 2013). Idealised particles or 

sediment-rich particles are used in theoretical studies (Babler et al. 2015; Winterwerp 

2002).  Collection of aggregates in field may destroy aggregates during the collection and 

the biological and chemical features may be changed over time (Engel 2000). Cultured 

aggregates tend to be heavier than naturally existing aggregates (Prairie et al. 2013). 

Furthermore, evenly sized idealised particles and sediment-rich aggregate are stronger and 

heavier than phytoplankton dominating aggregate. Thereby, in-situ observations that 

measures aggregate in natural environment is necessary and numerous observation 

methods using optical sensors have been introduced. Holographic camera (de Jong et al. 

2010) and Video Plankton Recorder (Gallager et al. 2004) can record images of plankton 

and aggregates in vertically and horizontal direction. However, the housing frames that 

hold the imaging sensors may destroy fragile aggregates. Particle sizer, such as LISST-

100X, have also been used to measure aggregates in the bottom boundary layers (Safak et 
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al. 2013; Mikkelsen et al. 2006; Bochdansky et al. 2016). Since the instrument is fixed on a 

sea floor, the system provides a time series data set at a given depth but not vertical 

distribution of aggregate. In Chapter 2 and 3, vertical measurements of aggregate were 

presented. The measurements were conducted from a free-fall vertical microstructure 

profiler and successfully recorded aggregates with non-disruptive method. In this Chapter, 

two different deployment methods, a tethered deployment and a free-fall deployment, are 

investigated to evaluate the influences of deployment methods on aggregate measurements.  

 

5.2 Method 

An experiment was conducted at the southeast of Oshima, Tokyo, Japan (Figure 5.1). 

DSL camera mounted on TurboMAP-L (Chapter2, 2.2) corrected aggregate images in a the 

free-fall mode. Two types of holographic imaging system were deployed from a tethered 

mode deployment. One set of the holography system is Microstructure Holographic 

systems (MSS-HOLO) developed by Prof. Nimmo-Smith (Plymouth University).  The 

other set is a digital holographic imaging system (LISST-HOLO) manufactured by 

Sequoia. RINKO Profiler (JEF Advantech) that measured conductivity, temperature, 

pressure, chlorophyll, turbidity and oxygen was mounted on each frame of the MSS-

HOLO system and the LISST-HOLO system. The experiment persisted roughly 15 hours 



68 

 

during night-time.  Ten sets of 3 consecutive deployments (DSL camera, MSS-HOLO 

and LISST HOLO) were conducted (Table 5.1). Although there was 30 minutes between 

deployment of each system, three systems measured same water mass (Figure 5.2). 

 

Figure 5.1 Observation site. (a) Location of Oshima island (b) locations of 

measurements.   

b a 
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Figure 5.2 TS diagrams. Black dots indicate DSL camera with TurboMAP-L, blue 

circles indicate RINKO profiler with MSS-HOLO and cyan triangles indicate RINKO 

profiler with LISST HOLO. 
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5.2.1 Holography deployment 

MSS-HOLO (Plymouth University, Figure 5.3.a) and LISST-HOLO (Sequoia Scientific 

Inc., Figure 5.3.b) were lowered by a tethered cable at 0.1 m s-1 and 1 m s-1, respectively. 

MSS-HOLO recorded images at 5 Hz with a field view of 0.52 ×0.35 cm2 and the depth of 

image was 2.5 cm; thus, the sampling volume is 0.455 cm3. The pixel resolution is 3.4 µm 

and particles larger than 11.5 µm can be identified. Images were transmitted and recorded 

on a shipboard computer, thereby real time monitoring was available. LISST-HOLO 

recorded images at 1 Hz and images were stored in an internal memory stick. A field view 

of LISST-HOLO was 0.70 ×0.53 cm and the depth of image was 2.9 cm; thus the sampling 

volume is 1.08 cm3. A pixel resolution is 4.4 µm and particles larger than 25 µm can be 

identified. Although both systems are designed to measure the environmental physical 

parameters, such as depth, temperature and conductivity, LISST-HOLO had a technical 

trouble and did not record the depth. The depth was estimated from RINKO-profiler 

mounted on the same frame, by interpreting temperature data of LISST-HOLO and 

RINKO-profiler. RINKO data were not available for the first two deployments and 

deployment 10. Temperature data for deployment 8 from LISST HOLO were also not 

available; thus no depth data were obtained.  
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5.2.2 Data processing of holograms 

Holographic system captures the interference patterns that are created when particles 

pass the sampling volume; particles diffract a coherent laser beam and the diffracted laser 

beams and collimated laser beams create interference patterns. The patterns are recorded as 

holograms on the Charge- Coupled Device (CCD) image sensor at the other side of 

emitting laser beam (Graham and Nimmo Smith 2010). The interference patterns contain 

phase and amplitude which indicate the distance from the camera and the size of the 

particle. Recorded holograms are digitally reconstructed to bring measured objects into 

focus using the software HOLO Batch (Sequoia Scientific Inc.) that runs on MATLAB 

(Mathworks Inc.). A simplification of convolution approach is used for reconstruction 

(Graham and Nimmo Smith 2010; Owen and Zozulya 2000), expanding 2 dimensional 

holograms into 3 dimensional images. Images are vertically sliced for every 0.0195 cm 

towards z-axis to obtain distance of each particle from the imaging camera. Finally, black 

and white images with particles in focus, images that indicates the distance of particles 

from the camera by colour were generated in 2Ds (Figure 5.4b). During the reconstruction 

process, particle properties are calculated. In-focus particles are estimated as ellipses and 

particle properties are automatically extracted using MATLAB built in function 

regionprops; major axis length (MajAL), convex area (area including internal holes; Ac), 
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area (area without internal holes; A) were used in this study. A ratio between convex area 

and area, 𝑅 =  
𝐴

𝐴𝑐
 , was used to separate aggregate from others; R of porous particles are 

~1 and solid particles are ~0. Since aggregate is commonly porous particles (Silver 2015), 

particles with R>0.5 were identified as aggregates in this study. Number spectra was 

constructed for holographic systems and DSL, following the method described in Chapter 

2.  

 

 

Figure 5.3 Holographic systems. (a) Microstructure holography (MSS-HOLO). (b) 

LISST-HOLO. 

b 
a 
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Figure 5.4Reconstructed holograms. (a) Example of montage image of reconstructed 

holograms. (b) Example of image indicating distance in colour. (c) Example of aggregate 

image obtained from MSS-HOLO (d) Aggregate obtained by LISST-HOLO 

 

5.2.3 RINKO profiler 

RINKO profiler (JFE Advantech Co., Ltd.) was mounted on both MSS-HOLO system 

and LISST-HOLO system to obtain hydrographic data in better resolution. RINKO profiler 

collected following data at 2.5-5Hz; pressure, fluorescence, turbidity, conductivity, and 

dissolved oxygen (Table 5.2). A RINKO profiler was mounted on a single frame with 

MSS-HOLO.  



75 

 

 

 

Table 5.2 RINKO Profiler specification 

Parameters Range Accuracy Resolution 
Sampling rate 

[Hz] 

Depth [m] 
0 to 

600 
±0.3% 0.01m 5 

Temperature [degC] 
-3 to 

45 
±0.01 0.001 5 

Conductivity [mS/cm] 
2 to 

70 
±0.01 0.001 5 

Salinity [PSU] 
2 to 

42 
±0.01 0.001 5 

Dissolved Oxygen 

[mg/L] 

0 to 

20 
±2% 0.001 2.5 

Chlorophyll [ppb] 
0 to 

400 
±1% 0.01 5 

Turbidity [FTU] 0 to 1 ±0.3 0.03 5 
     

 

5.3 Results 

5.3.1 Horizontal structures 

 The observed temperature ranged approximately between 16 and 21 ℃ and the 

surface temperature remained ~ 21 ℃ during the experiment. A surface mixed layer 

extended down to ~30 metres until midnight and pushed upwards, up to 20 metres, around 

6 a.m. Chlorophyll-a maxima appeared between 10 and 30 meters where a thermocline 

was observed (Figure 5.5 a, b,c). A total number of aggregates over 1 metre was divided by 
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sampling volume to obtain aggregate abundance (# of aggregates cm-3). Consistently to the 

depth where chlorophyll-a maxima appeared, according to MSS-HOLO and DSL camera 

showed high abundance of aggregate (Figure 5.5 d and e) that is consistent with high 

values of chlorophyll-a obtained by RINKO Profiler (Figure 5.5c).  LISST-HOLO data 

were too course in spatial resolution and the pattern of spatial distribution is vague in 

comparison with MSS Holo data (Figure 5.5 d and e). Aggregate abundance ranged 

between 0.092 – 9.6 cm-3 with MSS-HOLO and 0.24 – 3.2 cm-3 for DSL camera. 

Aggregate abundance measured by MSS-HOLO was about 3 times higher than  that of 

aggregate abundance measured by DSL camera.  

 

Figure 5.5 Horizontal distribution of (a) temperature (b) salinity (c) chlorophyll-a (d) 

aggregate abundance measured by MSS-HOLO and (e) aggregate abundance measured by 

DSL camera 
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5.3.2 Size distribution 

Number spectra were constructed for each instrument (nMSS, nLISST, nDSL, cm-4) to 

compare size distribution obtained by different instruments (Figure 5.6). Both nMSS and 

nLISST showed higher abundance than that of nDSL. Namely, more aggregates were observed 

by holographic systems than that of DSL. Slope 1 was -1.62 (MSS-HOLO), -1.53 (LISST-

HOLO) and -2.02 (DSL). Slope 2 was -3.31, -3.65 and -4.39 respectively. The fitted slopes 

for the holographic systems were less steep than that of DSL. The intersection between 

Slope 1 and Slope 2 appeared at 0.10 cm (MSS-HOLO), 0.043 cm (LISST-HOLO) and 

0.24 cm (DSL), respectively. According to the TS-diagrams obtained from these 

instruments (Figure 5.2) showed the same water mass type; however, both particle 

abundance (Figure 5.5) and number spectra (Figure 5.6) showed higher abundance in 

holographic measurement. Furthermore, the intersections of Slop 1 and Slope 2 for 

holographic systems appeared much smaller scale than that of DSL system.  

Aggregation is more enhanced over size class where slope 1 was fitted and 

disaggregation is strongly enhanced in a slope 2 range. The intersection between Slope 1 

and Slope 2 occurs close to the Kolmogorov scale (Lk) given by (𝜺
𝝂𝟑⁄ )

−
𝟏

𝟒
, where ν is 

kinematic viscosity and ε is turbulent kinetic energy (TKE) dissipation rate according to 
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the results presented in Chapter 2 . Assuming the intersections of number spectrum ~ Lk, 

TKE dissipation rate that each instrument experienced may be estimated.   

A cruise average turbulent kinetic energy dissipation rate (ɛ, W kg-1) is estimated from 

TurboMAP-L microstructure data during the experiment. The average dissipation rate is 

~3.7×10-8 W kg-1 that is Lk = ~ 0.23 cm. This is almost same size scale of the intersection 

of nDSL, 0.24 cm. 

The intersection of nMSS appeared at 0.1 cm that is Lk when ɛ= o(10-6) W kg-1. Even 

smaller intersection of nLISST (0.043 cm) is between Lk at ɛ= o(10-5) W kg-1 and Lk  at ɛ= 

o(10-4) W kg-1 (0.056 cm and 0.031 cm). These facts suggest that aggregates observed by 

the holographic systems experienced much stronger turbulence than that of DSL system. 

The stronger turbulence on holographic systems may cause the higher aggregate 

abundance in holographic systems (Figure 5.5) and the intersection on number spectra 

appeared at a smaller scale (Figure 5.6).  

 

Since the deployment of DSL camera (TurboMAP-L) was in a free-fall mode, the 

instrument did not disturb the surrounding water column (Figure 5.7.a and d). On the other 

hand, the holographic systems were mounted on a tethered cable system that could cause 
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upward/down motions during deployment. Such motions reached as high as 1 m s-1 (Figure 

5.7.b,c,e and f). MSS-HOLO reached sinking velocity ± 0.5 m s-1 and LISST-HOLO 

reached ± 1 m s-1. Extra turbulence introduced due to upward motion might have caused 

destruction of aggregates in the holographic systems.  

 

Figure 5.6 Number spectra of aggregateas a function of MajAL:a) DSL camera ,b) 

LISST-HOLO and c) MSS-HOLO 
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Figure 5.7 Sinking velocity and acceleration. (a and d) DSL camera (b and e) MSS-

HOLO (c and f) LISST-HOLO 

Figure 5.7  

 

5.4 Conclusion  

The holographic systems captured clear images of aggregate in water column (Figure 

5.4.c and d), showing that the holographic systems are potentially powerful tools that allow 

us to identify the detail of individual aggregate in a water column. Throughout the 

observations, consistent results between the DSL camera system and the holographic 
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systems were expected, since there were measuring the same water mass (Figure 5.1). 

However, particle abundances (Figure 5.5) and number spectra (Figure 5.6) showed 

significant differences in abundance and size distributions. Estimated ɛ from the 

intersections of number spectra (Figure 5.6) suggested that aggregates observed by 

holography systems experienced much stronger turbulence (epsilon for MSS and Holo) 

than the turbulence intensity ~o (10-8) W kg-1 observed by TurboMAP-L. This result 

suggested that aggregates observed by the holographic systems were disturbed by the 

instrument itself and the supporting flame. As shown in Figure 5.7, sinking velocity 

showed strong upward and downward motions. Since the holographic systems were 

deployed by tethered cables, the motions of the vessel had direct influence on the 

instrument motion. In order to avoid artificially created high turbulence intensity, the 

holographic systems must be deployed with a disturbance free mode. Since a free-fall 

mode of TurboMAP-L does not cause such disturbance, a similar free-fall deployment 

method should be developed.   
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Chapter 6. Chapter 6 Conclusions and future works 

 The DSL camera successfully captured the images of aggregate in a water column 

without destroying aggregates. Accumulating image data collected over 10 campaigns at 

multiple locations demonstrated the roles of turbulence on formation and destruction of 

aggregates in a water column away from the surface and the bottom boundary layer. Figure 

2.6 showed that both aggregation and disaggregation process can occur at any level of 

turbulence. As coagulation theory has suggested that particles keep experiencing 

aggregation and disaggregation processes (Jackson 1990; Li et al. 2004). Although 

aggregation and disaggregation can occur at any level of turbulence, Figure 2.2.a showed 

aggregation process is prominently driven by turbulence up to ε= 10-6 W kg-1. Above this 

scale, turbulence promotes disaggregation. Since ε is less than 10-6 W kg-1 in the majority 

of water column (Geyer et al. 2008; Smyth and Moum 2019), turbulence mainly drives 

aggregation process in most fraction of the world ocean. In addition to turbulence, total 

volume concentration of aggregate also enhances aggregation (Figure 2.2.b). 

Morphological change in aggregates due to turbulence was observed (Figure 2.4.a). Since 

sinking speed of aggregate increases with its size (Khelifa and Hill 2017) and elongation 

(Clifton et al. 2018; Ruiz et al. 2004), increased size and elongation under stronger 

turbulence will promote vertical flux even more. Turbulence is recognized as an important 
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factor that controls oceanic mixing under expecting climate change. The findings 

according to aggregation driven by turbulence shows turbulence is also an important key to 

control vertical flux of biogeochemical materials through sinking behavior of aggregates.  

In Chapter 3, the comparison between open water and coastal water aggregate showed 

that fraction of water occupied with aggregate for open water is smaller than that of coastal 

water; however, the phytoplankton concentration in individual aggregate for open water is 

much higher than that of coastal water case (Figure 3.4.b). The Kuroshio extension which 

is the main observation location in open water for this study is known as an oligotrophic 

environment, but contradictory the Kuroshio is highly productive (Sogawa et al., 2019). 

The intense phytoplankton concentration in aggregate shows that aggregate is a significant 

contributor to support nutrient and food in open water.  

A long-term monitoring of aggregates by OCEANS also showed clear difference in size 

and components between aggregate in coastal water and open water. In open water type, 

relatively larger and type A (higher TEPs) aggregate was more frequently seen than coastal 

water type. This is consistent with previous study that suggested positive correlation 

between salinity and concentration of TEPs (Najdek et al. 2011; Mari et al. 2012). 

Aggregate abundance increased when turbulence and significant wave height were higher 

(Figure 4.8 and Figrue 4.9). This can be the conbination of aggregate break-up by 
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turbulence and resuspention from the bottom. Relative abundance of type A aggregate 

(Figure 4.11) increased when abundance of aggregate increased. Since aggregate with 

more TEPs is lighter and sometimes even negatively buoyant (Mari et al., 2017), the 

increase of typeA aggregate may be due to resuspention. Although disaggregation process 

was suggested (Figure 4.12), clear relationship between aggregate and turbulence was not 

found. More data may be required to further investigate the relationship between aggregate 

and turbulence at the bottom boundary layer. In Chapter 2, the relationship between 

turbulence and forrmation and destruction of aggregate was shown. In Chapter 3, 

comparison between aggregate volume concentration and fluorescence showed difference 

between aggregate in open water and coastal water. Chapter 4 also showed the difference 

between open water and coastal water, and related aggregate properties. Such results were 

successfully obtained because the observations were conducted by non-disruptive methods; 

free-fall and observatory. Chapter 5 demonstrated the importance of such ‘non-disruptive’ 

methods to explore aggregate properties accurately in the fields. Cable-controlled 

deployments of holographic systems exhibited the instruments experienced sudden upward 

motions (~1 m s-1) (Figure 5.7). This suggested aggregate observed by holographic systems 

were exposed to much stronger turbulence than aggregate observed by DSL camera which 
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was in free-fall (Figure 5.6). This result highlighted that it is necessary to conduct non-

disruptive deployments for aggregate measurements.   

6.1 Future outlooks 

The observations by DSL camera successfully demonstrated the relationships between 

aggregate and turbulence. The importance of aggregate in open water as hotspots of 

phytoplankton was also shown. In order to verify the results, applying models and taking 

water samples are important. Particularly, chemical information such as concentration of 

carbon and TEPs is necessary to further understand the roles of aggregate in vertical flux 

and ecosystems Comparison between the observational data presented here and 

coagulation theory will link the theoretical studies and field data. In addition, recent LES 

simulations showed the relationship between turbulence and phytoplankton patchiness 

(Brereton et al. 2018). Combining coagulation theory and numerical works with 

observational data may lead further understanding on aggregate distribution in the ocean. 

Chemical and biological parameters were simultaneously obtained by OCEANS. 

Comparing aggregate with such parameters is expected to find how aggregate respond to 

environmental change. In this study, data for limited duration was analysed and it was not 

enough to show seasonal variation. Extending the data set is expected to show the seasonal 

variation. Furthermore, the interactions with other organisms have not been investigated. 
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Since zooplankton and fish feed on aggregate (Kiøboe 2001; Larson and Shanks 1996), 

correlation between aggregate and other organisms can be found. Exploring the interaction 

of aggregate and other organisms will develop our understanding in the roles of aggregate in 

the ecosystems.   

 

 

Figure 6.1 Copepod feeding on aggregate. Image was obtained by CPICS. 
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Appendix  

 

Figure A Size spectrum for each observation site. Total aggregate used is 26,791 in 

Kuroshio 2009, 17,526 in Kuroshio 2013, 45,004 in Otsuchi, 121,977 in Biwa, 208,716 in 

Joga, 42,340 in Miyake, 74,418 in Tateyama, 167,244 in Tokyo February and 196,792 in 

Tokyo September. 
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Table A Size spectrum intersections, Lk, slope 1, slope 2 and the ratio between 

intersection an Lk. 

 

 

      

  Int. 

[cm] 
Lk[cm] Slope1 Slope2 Lk/int. 

O
p
en

 w
at

er
 Kuroshio09 0.14 0.25 -2.29 -4.18 1.7 

Kuroshio 13 0.16 0.17 -2.72 -4.53 1.1 

Miyake 0.21 0.13 -1.82 -5.11 0.62 

Oshima 0.2 0.23 -1.94 -4.06 1.2 

C
o
as

ta
l 

w
at

er
 

Otsuchi 0.19 0.36 -1.94 -5.24 1.9 

Joga 0.22 0.14 -1.46 -3.77 0.66 

Tateyama 0.21 0.11 -1.69 -4.11 0.52 

Tokyo Sep 0.23 0.12 -1.37 -3.51 0.51 

Tokyo Feb 0.23 0.17 -1.81 -4.11 0.75 

L
ak

e 

Biwa 0.2 0.33 -2.31 -5.24 1.7 
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Figure B Hourly average of MajAL obtained by OCEANC (Chapter 4): a) Period 1, b) 

Period 2.  
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