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The oceans take up ~30 % of increasing atmospheric carbon dioxide (CO2) concentrations. 
Shelf seas, though small (7 - 8 % of the total ocean area), play a significant role in the uptake and 
removal of this CO2 by contributing 15 – 30 % of total oceanic primary production. Shelf seas are 
highly dynamic systems with seasonal cycles in nutrients, light, stratification and primary 
production. Two key stages in the seasonal cycles are the spring bloom and the summer 
formation of a sub-surface chlorophyll maximum (SCM). There is a growing need to increase 
spatial and temporal resolution of in situ measurements of nutrients and phytoplankton growth 
alongside the physical factors which drive their seasonal cycles as these measurements are 
needed to ground-truth and provide new data for biogeochemical models used to predict both 
contemporary and future changes in climate. 

In this study, a novel wet-chemical microfluidic Lab-on-Chip nutrient sensor was deployed 
for the first time within an autonomous underwater glider where nitrate (NO3

-) measurements 
were comparable to traditional ship-based methods (r2=>0.98; n = 60). The Lab-on-Chip nutrient 
sensor was able to capture the large drawdown of NO3

- within the surface mixed layer due to the 
onset of the spring bloom in the central Celtic Sea, where surface NO3

- concentrations decreased 
from 5.74 µM to 1.42 µM, whilst bottom layer NO3

- concentrations remained constant (6.86 ±0.16 
µM). 

Concurrent measurements of the dissipation of turbulent kinetic energy at the pycnocline 
resulted in a mean nitrate flux (f∑NOx of~4.2 mmol m-2 d-1) that is double that of previously 
reported estimates (~2 mmol m-2 d-1) in the Celtic Sea. The mean f∑NOx across the pycnocline was 
dominated by short mixing events that could potentially supply larger (> 15 mmol m-2 d-1) 
intermittent fluxes of ∑NOx into the SCM. Using our spring and neap tide f∑NOx estimates to 
represent the upper and lower limits, the contribution of new production estimated in this study, 
supported by the f∑NOx into the SCM (58 (21-80) g C m-2), could support all of the estimated 
annual new production (81.8 g C m-2) in the Celtic Sea in the SCM alone during the summer period 
(120 days). If this under-estimation of the contribution of the summer SCM to the annual new 
production shown here in the Celtic Shelf Sea is indicative of all other continental shelf seas of the 
Northern Hemisphere, then their previously estimated ability to be net sinks of CO2 (0.24 Pg C 
yr−1; Laruelle et al., 2010) could be underestimated.  

Using bio-optical sensors (fluorescence and backscatter) deployed on a glider, bio-optical 
relationships were established between Chl-a and particulate backscatter that were used to 
derive values of particulate organic carbon (POC) and phytoplankton carbon. During the spring 
bloom this study showed a strong positive correlation between Chl-a, particulate backscatter and 
POC, which was decoupled during the summer SCM due to changing phytoplankton biomass and 
resuspended sedimentary material. This work has shown that using established empirical 
relationships the potential for  bio-optical sensors on gliders to predict POC, and thus Cphyto, in a 
dynamic shelf seas environment.  

This thesis demonstrated that autonomous platforms and novel in situ biogeochemical 
sensors are an invaluable tool for the observation of the changing marine environment and are 
well placed to provide new insight into biogeochemical, physical and bio-optical fields as well as 
to augment, with complimentary high-resolution datasets, moorings, ships and satellites 
methodologies.  
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Chapter 1: Introduction 

The shelf seas are situated between the continental landmasses and the open oceans, and 

therefore, play an important role as a conduit of macronutrients and buffer linking the terrestrial 

and marine ecosystems. At the boundaries of the of shelf seas, the dynamic interactions of 

chemical, biological and physical elements across these boundaries play a vital role and influence 

globally significant biogeochemical cycles and, thus, the earth’s climate.  

A large percentage of the global population lives in proximity to the shelf seas which have been 

estimated to be the most valuable biome on Earth, and thus, are of substantial socio-economic 

importance. As a result of anthropogenic activities there is a high potential for considerable 

change, consequently it is imperative to create a baseline and understand how climate change 

could affect these vital physical and ecosystem processes in the shelf seas. 

 

Figure 1.1: Schematic locating the shelf sea between the terrestrial and oceanic ecosystems. 

1.1 Primary Production in temperate shelf seas 

Primary production is the formation of new complex organic compounds through the 

harnessing of solar energy by Photoautotrophs (known as marine microflora called 

phytoplankton) in a process called Photosynthesis to provide the chemical energy needed to fix 

inorganic carbon (dissolved carbon dioxide; Falkowski and Raven, 1997) and convert this to 

organic matter: 

𝐶𝑂2 +𝐻2𝑂 
𝑙𝑖𝑔ℎ𝑡
→   𝐶𝐻2𝑂 + 𝑂2   (1.1) 
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Solar energy is absorbed by the chloroplasts within phytoplankton cells and converted into 

biological energy in two stages (known as the ‘light-dependent’ and ‘light-independent’) and 

stored in the form of organic compounds. In the first stage, light is absorbed by pigments (e.g. 

chlorophyll-a) within the chloroplasts and used to make adenosine triphosphate (ATP) and 

reduced nicotinamide adenine dinucleotide phosphate (NADPH). Within the next stage, ATP and 

NADPH are used, as park of the Calvin-Benson cycle, to reduce dissolved inorganic carbon (DIC) 

into products such as carbohydrates, amino acids and lipids. Further details regarding the process 

of photosynthesis can be found in Falkowski & Raven (1997) & Kirk et al. (1994).  

Phytoplankton are unicellular and live in a pelagic environment with a cell diameter ranging 

from 1µM to ~ 70µM (Lehman, 2000). Phytoplankton require sufficient solar irradiance and 

macronutrients (e.g. nitrogen, phosphorus, silicon) and micronutrients (e.g. iron) in order to 

photosynthesise and produce enzymes, carbohydrates, lipids and DNA/RNA, with nitrogen (N) 

being a principal nutrient in most biosynthetic reactions (Falkowski and Raven 1997). 

Photosynthesis by phytoplankton strongly links the assimilation of nutrients and the fixation of 

carbon (C) as these elements are needed to build living organic tissue, with Redfield, Ketchum and 

Richards (1963) proposing phytoplankton have a relatively fixed cell quota and so assimilate 

different elements in an approximate fixed ratio known as the Redfield ratio: 

106𝐶𝑂2 + 16𝑁𝑂3
− +𝐻𝑃𝑂4

2− + 78𝐻2𝑂 + 18𝐻
+ ⇒ 𝐶106𝐻175𝑂42𝑁16𝑃 + 150𝑂2   (1.2) 

where 𝐶106𝐻175𝑂42𝑁16𝑃 is the average composition of organic matter in phytoplankton 

according to the Redfield ratio. This ratio matches to a certain extent the average ratio of 

dissolved inorganic N and P in seawater (Geider and La Roche, 2002) as these proportions are 

fixed into particulate organic material that eventually is remineralised via bacterial mediation 

returning the elements back into the water column in their inorganic forms becoming again 

available for assimilation (Raymont, 1980), which is known as ‘nutrient stoichiometry’. However, 

there is considerable variability in the stoichiometric ratios within phytoplankton cells. The main 

reason for the deviation from fixed stoichiometric ratios is that these are not only set by the 

nutrient requirements of different species of phytoplankton but also by the nutrient availability in 

seawater (Arrigo, 2005). While the consistency of the Redfield ratio is useful for calculating 

relationships, the variability can be used to interrogate the balancing of cycling processes for a 

single element (Chester and Jickells, 2012).  

The oceans are an important buffer for atmospheric carbon dioxide (CO2) and absorb a 

quarter of annual anthropogenic CO2 emissions (Le Quere, 2015). The world’s oceans cover 72% 

of the planet, and of this, shelf seas only make up 7 - 8 % of the total area and less than 0.5 % of 

the volume. Despite their relatively small size, shelf seas generate 15 – 30 % of total oceanic 
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primary production (Gattuso, Frankignoulle and Wollast, 1998; Simpson and Sharples, 2012), with 

some studies of new primary production estimating open ocean values of 2.9 Pg C y-1 and shelf 

seas at 3.7 Pg C y-1 (Walsh, 1991; Liu et al., 2000) The levels of carbon dioxide (CO2) in the 

atmospheric is steadily increasing (IPCC, 2014), and the shelf seas have an average carbon fixation 

rate per unit area up to 3 times greater than the open ocean and are therefore vital regions for 

the fixation and sequestration of CO2 (Jahnke, 2010; Simpson and Sharples, 2012). Shelf seas, 

particularly those located in higher latitudes (Frankignoulle and Borges, 2001; Thomas et al., 

2004), act as globally important carbon sinks through mechanisms known as the ‘biological pump’ 

and ‘continental shelf pump’ (Tsunogai et al., 1999; Thomas et al., 2004). Within the oceans 

carbon is drawn out of the surface waters down below the thermocline as either dissolved 

inorganic carbon (DIC), particulate organic carbon (POC) after being fixed during photosynthesis, 

or as dissolved organic carbon (DOC; Fennel, 2010). In mid to higher latitude shelf seas DIC is 

drawn into the surface from the atmosphere by either the solubility increasing due to cooler 

water temperatures or by DIC being assimilated by phytoplankton, leading to the near-surface 

partial pressure of CO2 decreasing causing the gradient in CO2 concentrations between the 

atmosphere and sea surface to increase, thus, driving an air-sea flux of CO2 (Millero, 1996; 

Behrenfeld et al., 2006). Carbon, depending on its type (i.e. particular or dissolved) can then be 

transported off the shelf through horizontal advection or isopycnal mixing, where the associated 

carbon will be exported to the deep ocean or locked away through burial on continental shelves 

and the adjacent slope (Tsunogai, Watanabe and Sato, 1999; Thomas et al., 2004; Takahashi et al., 

2009; Jahnke, 2010). Thomas et al. (2004) reported that the North Sea is a highly efficient 

‘continental shelf pump’ and is capable of exporting  93% of the CO2 taken up from the 

atmosphere, this was due to the fact the northern North Sea was estimated to be undersaturated 

and that the subsurface layer is subjected to major exchange circulation with the North Atlantic 

Ocean (8.5 x 1012 g C yr-1). 
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1.1.1 Seasonal dynamics in Celtic Sea  

The Celtic Sea is a shallow (100 to 200 m) temperate shelf sea located in the North West 

European shelf surrounded by land on three sides (the Republic of Ireland, United Kingdom and 

France), with links to the English Channel and Irish Sea (Figure 1.2). The Celtic Sea is a seasonally 

stratifying shelf sea that is strongly influenced by the balance of solar heating and tidally 

generated mixing (Simpson and Hunter, 1974). It is a tidally dynamic region with tidal speeds 

ranging from ~ 0.25–1.5 m s-1 (Pingree et al., 1976) and has an estimated water residence time of 

1-2 years (Hydes et al., 2004). This makes it ideal to investigate the seasonal cycle of nitrate and 

its role in primary production. 

During the winter months the water column of the Celtic Sea is fully mixed due to net heat 

loss and convective overturning controlling vertical structure, with observed nitrate 

concentrations ranging from 6.5-8.5 μM (Rees, Joint and Donald, 1999; Hydes et al., 2001, 2004). 

Even though the whole water column is homogenous with available nitrate, phytoplankton 

growth is limited by low levels of irradiance as it is turbulently mixed throughout the water 

column away from higher levels of irradiance at the surface. Photosynthesis has been shown to 

decreases with depth in proportion to the exponentially decay of irradiance with depth due to 

being attenuated by water, scattered and absorbed by suspended particles (Sverdrup, 1952; Kirk, 

1994). The depth at which PAR becomes 1 % of surface values defines the base of the euphotic 

Figure 1.2: Map of the Northwest European shelf. The black cross denotes the Celtic sea and the 

central Celtic Sea (CCS) sampling site (49° 24’ N, 8° 36’ W), ~150 m depth. Data 

provided by the National Geophysical Data Centre (1995). 
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zone and within the Celtic sea this has been shown to be at depths > 50 meters (Poulton et al., 

2018). The critical depth argument, proposed by Sverdrup (1952), states that once phytoplankton 

are mixed below this depth phytoplankton spend too much time in the dark and respiration 

exceeds photosynthesis and light limits phytoplankton growth. 

The nitrate budget for the following spring and summer period, is setup by winter mixing 

and nutrient recycling/remineralization processes and the convection of water onto the shelf that 

occur leading up to the start of spring (Simpson and Sharples, 2012; Birchill et al., 2017). In the 

Celtic sea, the onset of stratification during spring occurs in April (Fasham et al., 1983), when 

increasing solar heating overcomes the destabilising mixing energy from tidal and wind inputs 

(Simpson and Sharples, 2012). The water column is stratified and divided into two vertical layers: 

the wind-mixed surface layer and the barotropic-tidally mixed bottom layer (BML), which are 

separated by a sharp gradient in temperature (known as the thermocline). The thermocline acts 

as a physical barrier, restricting the exchange of properties (e.g. nutrients and phytoplankton 

cells) between the BML and upper euphotic zone (Sharples et al., 2001). Phytoplankton cells are 

retained within the euphotic zone, where high nitrate concentrations and levels of irradiance 

trigger a rapid growth, resulting in an event known as the spring bloom (Sverdrup, 1952). The 

spring bloom is a recurring seasonal event which is fundamental to primary production in the 

Celtic Sea, making up ~ 50 % of the annual new primary production (Hickman et al., 2012; 

Sharples et al., 2013). It causes a rapid drawdown of macronutrients in the euphotic zone to 

concentrations below the limit of detection (< 0.1 µM). This results in a vastly reduced rate of 

primary production due to the limited availability of nitrate (Dugdale and Goering, 1967), which 

has been observed in previous studies in the Celtic Sea (e.g. Pingree et al., 1976a; Sharples et al., 

2001; Sharples and Moore, 2009; Hickman et al., 2012; C. Williams et al., 2013) and is the case 

throughout the oceans (~75% of the ocean is limited by inorganic nitrogen availability (Gruber, 

2008)).  

Following the spring bloom, primary production in the euphotic zone is sustained by a 

limited supply of regenerated nitrogen (Sharples et al., 2007; Hickman et al., 2012; Davidson et 

al., 2013), whilst the bottom-mixed layer remains relatively stable with observed nitrate 

concentrations ranging between ~7.3-12 μM (Hydes et al., 2004; Davidson et al., 2013; Tweddle et 

al., 2013), where regeneration of organic material increases these nitrate levels (Pingree, Holligan 

and Mardell, 1978) compared to what was observed in winter (6.5-8.5 μM; Rees, Joint and 

Donald, 1999; Hydes et al., 2004). However, within the seasonal thermocline is a layer of 

increased concentrations of phytoplankton that is routinely observed and is ubiquitous in 

stratified waters; this feature is ecologically significant with observed concentrations of >10 mg 

Chl-a m-3 and is known as the ‘subsurface chlorophyll maximum’ (SCM; Pingree et al., 1978; 
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Holligan et al., 1984; Sharples et al., 2001; Cullen, 2015). The formation and location of the SCM is 

generally controlled by biological-chemical-physical interactions on vertical scales between one 

and ~10 meters and is strongly coupled to the nitracline which is located within the pycnocline 

(Holligan et al., 1984; Sharples et al., 2001).  

New production within the SCM is controlled by vertical mixing across the seasonal 

thermocline of nitrate from the replete bottom water up into the SCM, which maintains 

summertime production and sets the limit on new production at the SCM (Pingree, Mardell and 

Cartwright, 1981; Sharples et al., 2001, 2007; Rippeth et al., 2009). While the seasonal 

thermocline acts to suppress the mixing of water characteristics, it is not until current shear is 

sufficient to overcome the tendency of the water column to remain stratified allowing for the 

transfer of water properties across the thermocline (Thorpe, 2007).  The energy needed for 

internal mixing and instability creation at the thermocline can be supplied through shear 

generated by a variety of sources. These include the barotropic tide (Simpson et al., 1996; 

Sharples et al., 2001), the baroclinic tide (Moum and Nash, 2000; Rippeth and Inall, 2002; Sharples 

et al., 2007), and episodic increases in wind forcing and sudden changes in wind direction 

(Rippeth and Inall, 2002; Rippeth et al., 2005; Charlotte Williams et al., 2013). All of these 

processes aid in the supply of nitrate into the base of pycnocline, and enable the formation of the 

SCM. Recent studies suggest that summer new production (~ 120 days) is comparable to the 

spring bloom, which is estimated to produce around ~50% of annual new production (Tweddle, 

2007; Hickman et al., 2012) 

During the late summer/autumn the net atmosphere-ocean heat flux reverses so that the 

sea surface progressively cools and mixing energy from wind inputs increase. The result is a 

gradual weakening of the seasonal stratification over several months until full winter overturning 

is achieved (Simpson and Sharples, 2012). The weakening stratification permits increased vertical 

transport of nitrate that alleviates the oligotrophic conditions that prevail during the summer 

resulting in an autumn bloom of phytoplankton (Pingree et al., 1976b; Wihsgott, 2018). 
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1.1.2 Mixing and Fluxes 

Within the seasonally stratifying shelf seas the thermocline is a vital interface separating 

the differing water characteristics of the SML and BML and therefore influences nutrient 

availability and hence biogeochemical cycles. The seasonal thermocline acts to suppress the 

mixing of water characteristics between the SML and BML, it is not until current shear is sufficient 

to overcome the tendency of the water column to remain stratified allowing for the transfer of 

water properties across the thermocline (Thorpe, 2007). The energy needed for internal mixing 

and instability creation at the thermocline can be supplied through shear generated by a variety 

of sources. These include: (1) the barotropic tide which creates bed generated shear with 

increasing current velocities approaching spring tides, this drives turbulence higher into the water 

column along with sharpening and moving the pycnocline closer to the surface (Simpson et al., 

1996; Sharples et al., 2001), (2) the baroclinic tide and other internal waves (Moum and Nash, 

 

 



Chapter 1 

8 

2000; Rippeth and Inall, 2002; Sharples et al., 2007), and (3) inertial oscillations, produced by 

episodic increases in wind forcing and sudden changes in wind direction, which cause shear at the 

pycnocline and shear instabilities (Rippeth et al., 2002; Rippeth et al., 2005; Williams et al., 2013). 

The vertical flux of nutrients into the euphotic zone is controlled by physical processes that drive 

turbulence, by understanding the variably in turbulence and its control on the vertical flux of 

nutrients we can determine the variability in new production in the shelf seas during the summer 

stratified period (Simpson and Sharples, 2012). 

With the removal of any physical mixing, the transfer of fluid properties across an interface 

can be achieved through molecular diffusion as described by Fick’s Law (1855): 

 𝐽 = −𝐷
𝛿𝐶

𝛿𝜒
   (1.3) 

J is the diffusion flux (mol m-2 s-1), D is the diffusion coefficient (m2 s-1), C is the 

concentration (mol m-3) and  is position (m). It suggests a flux will transfer from a region of high 

concentration to low, with the magnitude proportional to the concentration gradient. In 

comparison to molecular diffusivity, turbulent diffusivity (K) describes a rate a scalar property 

(e.g. heat or solutes) is dispersed, due to the influence of energetic eddying state of motion 

resulting in the generation of relatively large gradients in velocity at small scales, typically 1 mm 

to 1 cm, that mix solutes at rates higher than those of molecular processes (Thorpe 2007). This is 

described by the equation of Tennekes & Lumley (1972): 

𝛿∁

𝛿𝑡
= 𝐾

𝛿𝐶

𝛿𝑧
   (1.4) 

C is the scalar property, t is time and z is depth. Further details regarding turbulence in the 

open ocean or shelf seas can be found in Thorpe (2007) and Simpson and Sharples (2012) 

respectively. Turbulence is generated wherever there is a gradient in currents and is referred to as 

current shear. Shear can be generated when fluid moves along a fixed boundary such as the 

seabed or when wind induced flows, inertial oscillations and internal waves which propagate 

along a density discontinuity (SIMPSON and HUNTER, 1974; Thorpe, 2007; Simpson and Sharples, 

2012).diapycnaldiapycnal,by point single integrated value,s 
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1.2 Biogeochemical observations: Macronutrients 

Biogeochemical variables, such as macronutrients, have been traditionally determined by 

colourimetric methods either at sea or on land (Wurl, 2009; Hydes et al., 2010). Discrete water 

samples are collected, and if required for analysis, filtered to remove particulates and/or cease 

biological activity. Using either a CTD rosette system or a pumped underway system results in 

either vertical profiles or a horizontal surface dataset, where measurement resolution is governed 

by the number of rosette bottles or the ships transect and pumping characteristics, respectively. 

These measurements are restricted by the length of the cruise and cannot sample continuously at 

a higher frequency (~1Hz) over extended temporal periods (e.g. tidal cycle to multiyear). Similarly, 

due to the platform it is impractical to sample in challenging locations (e.g. under ice, 

hydrothermal vents) or with adverse weather conditions (e.g. winter storms), and therefore limits 

the opportunity to fully observe the variations in biogeochemical parameters. Therefore, 

capturing macronutrient distributions over temporal and spatial scales and in a highly dynamic 

shelf system is challenging. It is essential to be able to determine macronutrients in shelf systems 

in order to examine fluxes across the pycnocline to assess the contribution of SCM to global 

primary production.  

The marine environment is under increasing pressure from anthropogenic influences and 

climate change with fundamental changes in biogeochemistry already underway that are 

predicted to become more profound in the near future (Gruber and Galloway, 2008; Gruber, 

2011; Gattuso et al., 2015). Currently repeating biogeochemical observations use single locations 

or transects and are undertaken infrequently in shelf systems, and even less frequently in oceanic 

settings, and are not suitable to form a well-defined baseline of knowledge of the complex marine 

environment to enable an assessment of how biogeochemical processes and budgets will change 

in the future at regional to basin scales. To understand current processes and budgets, and more 

importantly how they could change, numerical models have been used to simulate 3D 

biogeochemical cycling across different spatial and temporal scales (Wild-Allen and Rayner, 2014). 

Numerical models (e.g. Friedrichs et al., 2007; Butenschon et al., 2016; Holt et al., 2017) have 

provided valuable insights on climate change and ecosystem health, informing policy and 

management, while the novel use of neural networks (Sauzède et al., 2017) have the potential to 

support the initialization and validation of biogeochemical models which presently crucially lack 

reference data. However, the validation and assessment of the skill of each model is currently 

limited due to the limited availability of observations and limited ranges of observed parameters 

(Vichi et al., 2011; Wild-Allen and Rayner, 2014; Holt et al., 2017). By removing the bottleneck 

caused by under sampling at multiple spatial and temporal scales, the potential of using complex 
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computer-based tools to understand our dynamic oceans in the present and look further ahead 

could be fully unlocked. The use of permanent in situ sensors and sensor-on-mobile platforms 

within networks have been identified as a solution to under-sampling of the marine environment 

on varying temporal and spatial scales (Mowlem, 2008; Gallager and Whelan, 2003; Johnson, 

2003; Johnson et al., 2007, 2009; Adornato et al., 2010). 

The ability of instruments to easily observe physical parameters in high resolution has been 

vital to obtaining our current understanding of the physical processes within the oceans and their 

interactions with other earth systems and cycles. Unfortunately, the instruments and methods 

used within the marine biogeochemical field to measure macronutrients and bio-optical 

properties have only recently started to catch up and produce sufficiently high-resolution 

datasets. The first significant step forward can be said to have been Lorenzen’s 1966 fluorometric 

determination method, allowing measurements of phytoplankton biomass on vertical resolutions 

of <1m (Cullen, 2015). Current CTD deployable versions of fluorometric sensors are able to go 

beyond these basic observations and interrogate the photosystem II for phytoplankton and also 

produce a rate of carbon fixation (Kolber and Falkowski, 1993; Smyth, 2004). In contrast to 

physical sensors, biogeochemical sensors are in their infancy and are dominated by large macro 

(~0.5 m3), expensive (£10-100k) one-off devices requiring expert operation and intervention 

(Kendra L Daly et al., 2004; Statham et al., 2005).  

To date a small number of biogeochemical sensors have become commercially available 

and these measure in situ nitrite and nitrate using direct ultra-violet (UV) absorption methods, 

and more recently  wet chemical systems are starting to become more widely used. Nitrate 

sensors based on the UV absorption methods (e.g. SUNA & ISUS) have been successfully used for 

time series and autonomous and lagrangian platforms and have shown an ability to combat the 

under sampling of our oceans and be a staple sensors in future global sensor networks (K. L. Daly 

et al., 2004; Johnson et al., 2009; Sakamoto, Johnson and Coletti, 2009; Lomas et al., 2013; 

Pasqueron De Fommervault et al., 2015; Olsen et al., 2016). .With in situ measurement methods, 

accuracy and lifetime of resources, such as battery and reagents, are key issues and the 

advantages and disadvantages of these methods revolve around these topics. Direct ultra-violet 

(UV) absorption methods have also been widely used in situ (e.g. ISUS, Johnson and Coletti, 2002 

and ProPS, Zielinski et al., 2007) and provide high frequency data (1 Hz) without the need for 

reagents. When compared to wet chemical systems, UV systems suffer from a lower performance 

(ISUS V3 precision ±0.5 μM; accuracy ±2 μM; Satlantic Incorporated, 2010), interferences 

(Sakamoto et al., 2009), drift (P. Christensen and Melling, 2009) and high-power consumption (6.5 

W for ISUS V3). However, they can easily detect increases in nitrate into surface waters (Fig. 1.4). 
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Figure 1.5: An example of timeseries profiles of nitrate collected by an ISUS sensors deployed on 

an APEX profiling float (Teledyne Webb Research) in the Indian sector of the 

Southern Ocean (Johnson et al., 2013). 

 

 

Wet chemical systems using colorimetry have been shown to be well suited to both in situ 

observations and mobile platforms (Nightingale et al., 2015), due to their basis in a well-

understood chemical method (Dutt and Davis, 2002) and strong analytical performance (e.g. 

Beaton et al., 2011). To increase resource lifetime, in situ sensors use microfluidics to drastically 

decrease reagent use by using 150 µm wide channels within the chip, and also reduce energy use 

when moving fluid around due to less power being needed by the pump (Jokerst, Emory and 

Henry, 2012; Nightingale, Beaton and Mowlem, 2015). There have been examples of in situ 

chemical sensors, based on wet-chemical microfluidic systems, being deployed on underwater 

vehicles, such as Remotely Operated Vehicles and AUV’s, but they have so far been limited to 

deployments of less than 24 hours, not time series, and on platforms where power is not critical 

(e.g. Le Bris et al., 2000; Statham et al., 2005; Provin et al., 2013). By deploying biogeochemical 

sensors based on novel wet chemical microfluidic systems on long endurance autonomous 

platforms (e.g. AUVs)   the problem of sparse observation scales and limited ranges of observed 

parameters can be greatly alleviated and our understanding of globally key biogeochemical cycles 

and budgets increased.  
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1.3 Autonomous Underwater Vehicles: Increasing marine observations  

Over the last three decades a profound increase in global basin scale oceanic observations 

has been achieved (Olsen et al., 2016). This is due to the success of projects based on repeating 

ship transects (e.g. Mawji et al., 2014; Rees et al., 2015; Talley et al., 2016), international projects 

such as CLIVAR, GEOTRACES, WOCE and time-series moorings (Harris, 2010; Lomas et al., 2013; 

Karl and Church, 2014). As technology advances and becomes increasingly available to marine 

research it opens new capabilities and provides insightful contributions to previously established 

fields. A prime example of this technology was the introduction of remote sensing platforms such 

as satellites (Yoder and Kennelly, 2006; Yang et al., 2013; Le Traon et al., 2015). The success of 

satellite observations can be said to be down to their unique ability to undertake continuous 

monitoring over large spatial scales, which has produced an exponential amount of novel data 

that just wasn’t possible or feasible with mooring or ship based platforms (Esaias et al., 1998; 

Gregg and Casey, 2004).  

While satellite remote sensing has increased our ability to observe the surface of the 

ocean, ship-based platforms have been the staple observational platform to understand the 

spatial and temporal variability of the whole water column. They can investigate and track 

particular areas and features of scientific interest with high levels of mission flexibility but struggle 

to resolve mesoscale or high frequency processes for extended periods of time. While time-series 

occupations, mostly done through the use of moorings or chains, do not have the spatial coverage 

of satellites or ship-based sampling, they are well suited to provide continuous long-term and 

high-resolution observations of specific features of interest while having a lower resource 

footprint (Church et al., 2013). In the 1970s to increase the spatial and temporal resolution of 

marine observations and move away from bottle-based sampling, specifically biogeochemical and 

bio-optical observations, Aiken et al. (1977) used a towed vehicle sensor platform. Using a towed 

vehicle has provided an opportunity to improved ship-based observational capabilities, allowing 

for higher resolution biogeochemical observations within the surface layer (Hales, et al., 2004). 

However, this method still suffers from the disadvantages of boat-based platforms.  

The most significant improvement to oceanographic observational capabilities to date has 

been through the introduction of autonomous underwater vehicles (AUVs) to marine research. In 

their relatively short deployment history, AUVs have been able to observe the oceans at a 

temporal and spatial scale previously thought un-attainable and have already opened up new 

research possibilities (Roemmich et al., 2001; Rudnick et al., 2004; Roemmich and Steering Team, 

2009; Rudnick, 2016). Unlike previous platforms, AUVs can operate in harsh environments (e.g. 

under sea-ice and winter storms), have the capacity to sample at a higher resolution to observe 
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time sensitive processes and events and provide a long term low cost monitoring platform (e.g. 

Davis et al., 2008; Queste et al., 2012; Thomalla et al., 2015). 

The Array for Real-time Geostrophic Oceanography (ARGO) program is the most 

established and successful global observations project using an autonomous underwater vehicle 

(Roemmich et al., 2001). Currently there are over 3900 active profiling floats 

(http://www.jcommops.org) and it has become one of the biggest marine observation systems, 

with floats providing temperature and salinity data every ~ 10 days of the upper 2000 m, equating 

to over ~ 8000 profiles each month (Gould et al., 2004; Roemmich and Steering Team, 2009). The 

profiling float has no control over its direction of movement and travels by drifting at a set 

‘parking depth’ (optimally at 1000m). It is therefore unable to provide observations in areas such 

as divergences or shallow seas, and is also unable to repeat transects or track mobile features 

(Kamenkovich et al., 2009; Riser et al., 2016).  

The ability to position instruments within three-dimensional space within our oceans and 

continuously collect high resolution data autonomously, is where underwater gliders come to the 

fore. Three variations of underwater gliders have been developed and used widely within 

oceanographic research. These consist of the Spray, developed by Woods Hole Oceanographic 

Institute and Scripps Institute of Oceanography (Sherman et al., 2001), the Slocum, developed by 

Webb Research (Webb, Simonetti and Jones, 2001; Schofield et al., 2007), and the Seaglider, 

which was developed by the University of Washington (Eriksen et al., 2001).  

Gliders have been deployed with a suite of sensors to observe an array of physical and 

biogeochemical parameters. What makes up a gliders standard suite of sensors along with their 

capacity to carry extra sensors internally or mount externally varies between the models 

produced by different manufacturers (e.g. Kongsberg, Teledyne, Woods Hole Oceanographic 

Institute, Bluefin Robotics and Alseamar). Gliders were originally developed to mainly undertake 

physical oceanographic research with the standard deployment of physical sensor consisting of 

un-pumped, now pumped, Conductivity Temperature Depth (CTD) packages (e.g. Sea-Bird SBE13 

CT Sail, Seabird Electronics). Recently microstructure profiler packages (Rockland Scientific 

International; Palmer et al., 2015) and Acoustic Doppler Current Profiler (ADCP; Nortek 

Aquadopp; Baumgartner & Fratantoni, 2008) have become more common. With regards to 

biogeochemical observations, active optical sensors measuring inherent optical properties and 

fluorescence to observe phytoplankton biomass, coloured dissolved organic matter, turbidity and 

dissolved and particulate organic carbon have been developed (e.g. WET Labs ECO Puck). Sensors 

measuring Photosynthetically Available Radiation (PAR; Hemsley et al., 2015; Biospherical 

Instruments) and oxygen concentrations (Aanderaa 4330F Optode; Queste et al., 2016) are now 
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regularly deployed on gliders. The calibration of deployed physical or optical sensor is vital to be 

able to compare to data collected on other platforms or to understand the impacts of drift or 

fouling that occurs over long-term deployments (e.g. Cetinić et al., 2009). While manufacturer 

calibration of instruments is common, sensors need to be calibrated pre and post deployment 

against  in situ data to be more representative of the natural variability observed during the 

deployment but also to account for effects of drift, standard degradation or biofouling can have 

during longer deployments. 

The addition of autonomous underwater gliders to the ever-expanding toolbox for marine 

research has already significantly added to the previously limited density of oceanographic 

observations and has secured a defined role as a dynamic instrument platform. Whether used 

alone with a single defined research task, or as part of a suite of observation platforms 

undertaking extended/continuous environmental monitoring, gliders have become part of the 

expanding global observation network that acquires simultaneous physical and biogeochemical 

parameters affected at a complex range of temporal and spatial scales. For a more detailed 

review of glider technology, deployment results and future of the vision see Meyer (2016), Testor 

et al. (2010), Wood & Mierzwam (2013) and Rudnick (2016). 

1.4 Bio-optical observations 

Different optical components of the marine environment (e.g. absorbance, fluorescence 

and scattering) can be separated from remotely sensed ocean optical data. These 

components can be used to estimate key bio-optical variables within the surface water 

column at basin and global scales (at a 1km resolution from daily to monthly time scales) 

through empirical relationships, algorithms and semi-analytical models (McClain, 2009). 

Such bio-optical components have been reported to show a relationship with water column 

characteristics and constituents, such as, particulate load and characteristics (e.g. 

suspended organic matter; Babin et al., 2003) and phytoplankton biomass (e.g. Chlorophyll-

a fluorescence; Gordon et al., 1983). As the field of remote sensing moves forward and new 

empirical relationships are validated, a next-generation of products are being introduced 

grouped around primary production and carbon (Balch et al., 2018). For example, 

backscattering can be used to estimate POC concentration, phytoplankton carbon biomass, 

coccolithophores and particulate inorganic carbon (Balch et al., 2007; Olmo et al., 2015), 

while the ratio of chlorophyll-a to light scattering can be used as an optical index of 

phytoplankton physiology (Behrenfeld and Boss, 2003).  



Chapter 1 

15 

These satellite derived products have now become an indispensable tool for increasing 

our understanding of globally scale primary production/ocean colour (Blondeau-Patissier et 

al., 2014), sea surface temperature (Kawai and Wada, 2007), and mesoscale variability 

(Pascual et al., 2006). However, these observations are not capable of observing optical 

parameters below 60 m from the surface and therefore, miss critical phenomena such as 

the deep chlorophyll maximum (DCM). The vertical structure is generally estimated using 

statistical relationships between the satellite-derived values and vertical profiles from in 

situ observations (Loisel et al., 2013). Validation of remotely sensed data and the 

algorithms used are vital as the uncertainties produced by distinct regional differences in 

optical characteristics make it complex to quantitively characterise the global ocean 

(Strutton et al., 2013). Moreover, coastal areas are optically complex and satellite 

observations struggle to derive accurate observations. The optical characteristics of coastal 

waters are highly variable and show extreme spatial heterogeneity (Loisel et al., 2013). 

Gliders and profiling floats equipped with optical instrumentation are well placed to 

improve bio-optical products and address the areas above highlighted for improvement. 

Such platforms have been able to provide both complimentary and calibration datasets for 

remotely sensed products and observe the vertical structure and characteristics of the 

water column (e.g. fluorescence, backscatter, radiance, irradiance) that remote sensing 

currently cannot directly observe (Schofield et al., 2007; Boss and Behrenfeld, 2010; 

Strutton et al., 2013). This has allowed for the validation of satellite products and improved 

bio-optical algorithms, global primary production estimates and estimates of particulate 

organic carbon (Loisel et al., 2013; Thomalla et al., 2017, 2018). Additionally, studies using 

both satellite and glider platforms have shown by using both platforms you can unlock a 

new insight into local event driven processes in optically complex coastal waters, such as 

river plumes (Many et al., 2018). Both remote sensing and AUV’s provide observations that 

intersect in complimentary spatio-temporal domains, thus allowing vital insight in seasonal 

variations in biogeochemistry and mesoscale oceanic processes, which are fundamental to 

improve our understanding of our current and quickly changing marine ecosystem 

(National Research Council, 2011). 
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1.5 Aims and Objectives 

The main aim of this thesis was to investigate the biogeochemical cycle of nitrate + nitrite 

(∑NOx) and the fluxes across the pycnocline within the central Celtic sea in unprecedented detail 

into biogeochemical cycle  + nitrite (∑NOx).using autonomous gliders and wet chemical sensors. In 

addition, bio-optical sensors deployed on autonomous gliders were used to determine if 

established empirical relationships from open ocean waters are valid in a seasonally stratifying 

shelf system. By deploying for the first time a novel wet chemical microfluidic Lab-on-chip 

nutrient sensor (LoC; NOCS, OTE), within an autonomous underwater glider (Kongsberg 

Seaglider), alongside bio-optical sensors and a second Slocum glider (Teledyne Webb research) 

with a Microrider microstructure package (Rockland Scientific International), the following 

objectives were achieved: 

• To accurately determine ∑NOx concentrations ship-based within the water column by 

successfully deploying a novel Lab-on-chip nutrient sensor within an autonomous 

Seaglider  

• To investigate the availability of ∑NOx for primary production within the central Celtic Sea 

by quantifying the ∑NOx flux across the pycnocline  

• To determine if established empirical relationships from bio-optical sensors deployed on a 

Seaglider to estimate Particulate Organic Carbon (POC) and phytoplankton carbon are 

valid in dynamic shelf systems by comparing with discrete seawater samples 
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Chapter 2: Methods 

2.1 The Shelf Seas Biogeochemistry program 

The Shelf Seas Biogeochemistry program (SSB) was funded by the National Environmental 

Research Council (NERC). The main aims were to increase the understanding of the sources, sinks 

and cycling of nutrients and carbon around the Celtic Shelf Sea (North West Europe), and the 

importance of processes within temperate shelf seas to global climate and biogeochemical cycles 

(http://www.uk-ssb.org/). Using the data collected over a yearlong field campaign SSB also seeks 

to greatly improve predictive marine biogeochemical and ecosystems models.  

For this thesis, the data presented consists of biogeochemical and physical datasets that were 

collected during the SSB program using two autonomous underwater gliders, which were a 

Seaglider (Kongsberg) and Slocom (Teledyne Marine), in addition to traditional ship-based data 

from the R.S.S. Discovery. Auxiliary data, such as tidal (Juliane Wihsgott: University of Liverpool) 

and meteorological data (Joanne Hopkins: National Oceanographic Centre, Liverpool), were 

collected from both mooring and seabed frame deployments. The location for this study was at 

the Central Celtic Sea sampling site (CCS; 49o24’N, 8o36’W), located ~ 145 miles off the South 

West coast of the United Kingdom in a max water depth of ~ 140 meters (Figure 2.1). Datasets 

were collected from two cruises; the first took place from the 1st of April to 30th April 2015 

(DY029), and the second from the 11th of July to 2nd of August 2015 (DY033).2.1
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2.2 Auxiliary Data: CTD rosette, Buoys and Landers 

A stainless-steel rosette and CTD package, consisting of a CTD (Seabird 911+), optical 

backscatter (WET Labs, ECO BB), fluorimeter (Chelsea Technologies Group, Aquatracka MKIII) and 

Niskin bottle system (24 x 20 L) was deployed from the R.S.S. Discovery for both cruises at CCS. 

Conductivity, temperature and pressure were measured by the CTD system, with discrete 

seawater samples collected for Chl-a and nutrient analysis following the GO-SHIP sampling and 

handling procedures (Hydes et al., 2010). Salinity (calculated from conductivity and temperature) 

and Chl-a (fluorescence, 682 nm) measurements obtained from CTD casts were calibrated daily 

on-board against discrete seawater samples. Salinity samples were analysed on an Autosal 8400B 

salinometer (Guildline). Chl-a samples were filtered through 0.7 μm glass microfiber filters 

(Whatman GF/F) and extracted in 90% acetone overnight, before being measured on a pre-

calibrated (spinach Chlorophyll-a standard, Sigma) fluorimeter (Turner Design Trilogy; Holm-

Hansen et al., 1965). Nitrate (measured as NO2
- + NO3

-) was analysed on-board within ~ 3 hours of 

CTD recovery, using a five channel segmented-flow autoanalyzer (Bran & Luebbe) following the 

colorimetric procedures of Woodward and Rees (2001) and Brewer & Riley (1965). A certified 

reference material (http://www.kanso.co.jp/eng/production/) was analysed daily as part of the 

quality control protocols and to ensure reproducibility of results. Precision was between 2% and 

3% and the limits of detection of 0.02 µM and 0.01 µM for nitrate and nitrite respectively. 

Tidal data (horizontal velocity) was collected at CCS using an Acoustic Doppler Current 

Profiler (ADCP) mounted to a frame on the seabed at 145 m (49 o 24’N, 8 o35’W). The upward 

facing ADCP (RDI 150 kHz workhorse) measured current magnitude (m s-1) and direction (degrees 

from north) at a vertical resolution of 2 meters every 2.5 minutes (Wihsgott pers. comm., 2017). 

Meteorology was provided at CCS by the deployment of a Met Office buoy. The Ocean Data 

Acquisition System (ODAS) buoy provided hourly averages of wind speed (m s-1; including 

maximum gust speeds) and direction (degrees from north) 3 meters above sea level. Neutral wind 

stress was calculated following Large and Pond (1981). 

2.3 Autonomous Underwater Vehicle: Gliders 

In April and July 2015, two different gliders were deployed to sample in a circular holding 

pattern around CCS (e.g. Figure 2.1c) and coincided with two SSB research cruises DY029 (April) 

and DY033 (July). The first was a Kongsberg Seaglider (Ogive fairing) with a Lab-on-Chip nutrient 

sensor (Ocean and technology and Engineering Group, National Oceanography Centre, 

Southampton, UK) which measured nitrite + nitrate (defined as ∑NOx). The second was a Slocum 
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glider (Teledyne Webb research, USA) with a Microrider microstructure package (Rockland 

Scientific International, USA) which measured turbulence.  

The Seaglider was deployed at CCS between the 4th to 25th April and 13th to 30th of July 

(decimal days 94.2 to 114.6 and 194.2 to 211.5), collecting 1547 and 1128 profiles (total number 

of profiles = descending + ascending) to a depth of ~ 120 meters along a saw-tooth trajectory at 

typical vertical speeds of 0.1 m s−1 (Rudnick et al., 2004). Two-way communication through an 

Iridium satellite connection allowed for the transmission of data packets containing the ‘status’ of 

the Seaglider and information from on-board scientific sensors. The relay of scientific data after 

each dive not only mitigated against the accidental loss of the Seaglider but also allows for the 

review of scientific measurements to adapt the current sampling strategy.  

2.3.1 Sensors, Calibration and Corrections 

For both the April and July deployments the LoC glider was equipped with an un-pumped 

SBE13 Conductivity and Temperature Sail (CT sail; Seabird Electronics, USA), Paine pressure sensor 

(Paine Electronics, USA) and Triplet ECOPuck (WetLabs, USA) measuring fluorescence (excited at 

470 nm and measured at 682 nm), Coloured Dissolved Organic Matter (CDOM; excited at 370 nm 

and measured at 460 nm), and particulate optical backscatter (650 nm). 

The processing of the vast amounts of scientific data produced by sensors on-board the 

Seaglider and the Slocum gliders is extensive, with sensors requiring extended post-processing, 

calibration and corrections. The manufacturers of the glider platforms and the sensors deployed 

on/within them currently do not provide a processing methodology (including software suites) 

that is comprehensive enough to enable simple processing of this data. Therefore, there are many 

steps involved in the processing to ensure all data is quality controlled. At present, the ‘glider 

community’ consists of many national facilities, individual research institutes and well-funded 

research groups, each with their own processing tools and guidelines (Heslop et al., 2015). The 

extraction, processing, corrections, calibration, visualisation and analysis of the Seaglider and LoC 

nutrient sensor data for this thesis was done using MatLabTM (MathWorks). For the LoC sensor 

custom scripts were provided by the Ocean and Technology and Engineering Group (National 

Oceanography Centre, Southampton) and modified for this work. A Seaglider toolbox, 

http://bitbucket.org/bastienqueste/uea-seaglider-toolbox, provided by Bastien Queste (University 

of East Anglia), was used to extract and perform the initial quality control. In addition, further 

custom scripts were provided by the Marine Physics and Marine Climate group (Joanne Hopkins: 

National Oceanography Centre, Liverpool) and modified for the quality control, calibration and 

gridding of the CT sail and ECOPuck data. 
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2.3.1.1 Conductivity and Temperature 

The Seaglider runs a single threaded processor and is unable to run the guidance and 

control processes whilst also simultaneously polling each scientific sensor at the same time. The 

time stamp for each round of polling for the scientific sensors therefore had to be corrected as 

the time taken to record a measurement is the cumulative value of the sampling duration of the 

previous sensors and each of their varying warm up times. Custom scripts within the UEA 

Seaglider toolbox automatically correct for this and are described in Queste et al. (2012). 

Following this, raw measurements from the CT sail were checked for bounds, spikes and 

anomalies, and then measurements of temperature and conductivity were calibrated using 

manufacturer-supplied coefficients. Further processing was undertaken to correct for thermal lag 

and thermal inertia, as physical separation and disparity in response time between the 

temperature and conductivity sensors must be accounted for when deriving salinity and density 

(Garau et al., 2011; Palmer et al., 2015). 

Thermal lag is caused by the slow response of the temperature probe to equalize to the 

changing water temperature around the Seaglider. A correction for first order thermal lag was 

applied to the raw temperature as a function of the thermal gradient encountered by the 

instrument described as: 

𝑇𝑟𝑒𝑎𝑙 = 𝑇𝑜𝑏𝑠 +  𝜏 
𝛿𝑇𝑜𝑏𝑠
𝛿𝑡

   (2.1) 

 where  is a time constant of 0.6 seconds, t is time and Treal and Tobs are real and observed 

times respectively (Garau et al., 2011). This correction is done by the UEA Toolbox and is vital 

when there is a steep thermocline, as often observed in seasonally stratified shelf seas.  

Thermal inertia due to a temporal and spatial mismatch between temperature and 

conductivity measurements results in inaccurate calculations of salinity. As temperature is 

measured outside of the conductivity cell, the temperature reported by thermistor is different 

from the actual temperature inside the conductivity cell. The conductivity cell has a thermal mass 

which influences the temperature of the water flowing through the conductivity cell, thus 

affecting the measurement of conductivity. To correct for thermal inertia, the approach by Garau 

et al. (2011), built on the work by Lueck and Picklo (1990) and Morison et al. (1994) was used and 

calculated using the following equation: 

𝑇𝑇(𝑛) = −𝑏𝑇𝑇(𝑛 − 1) + 𝑎[𝑇(𝑛) − 𝑇(𝑛 − 1)]   (2.2) 
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T is the temperature measured outside of the cell and the coefficients a and b are 

calculated as described in (Garau et al., 2011). A key parameter needed for the calculation of 

coefficients a and b is the flow speed through the CT sail conductivity cell, which is not measured 

directly (Morison et al., 1994). The flow speed was calculated using a hydrodynamic flight model 

of the Seaglider, and is run iteratively to optimise the hydrodynamic parameters used to calculate 

the Seaglider’s velocity (Frajka-Williams et al., 2011). 

Glider-derived temperature and salinity profiles were calibrated against CTD cast data 

taken at the Central Celtic Sea CCS site (Hopkins pers. comm., 2017). Only CTD casts taken within 

2.6 km of the glider were used for the calibration. Four (CTD013, CTD049, CTD121, CTD122) and 

three (CTD1 CTD76 CTD78) CTD casts were used for calibration from the DY029 (April) and DY033 

(July) respectively. Based on the mean CTD temperature and salinity of the water between 80 m 

and 105 m, a constant offset of 0.0277 ºC and 0.0024 PSU and 0.0618 ºC and - 0.0173 PSU for the 

DY029 and DY033 cruises, respectively, was applied and density recalculated.  

2.3.1.2 Chlorophyll-a 

The initial calibration of the fluorescence counts (also colored dissolved organic matter 

(CDOM) and backscatter) from the WetLabs Triplet consists of applying the manufacturer-

supplied coefficients, subtracting the instrument blank (Sea-Bird Scientific, 2017), and applying a 

scaling factor (0.0122). Calibration to convert fluorescence counts to Chl-a concentrations is 

based on the fluorometers (WetLabs) response to the cultured diatom, Thalassiosira weissflogii, 

at a known Chl-a concentration (Wetlabs, 2017).  

During periods of higher surface irradiance, commonly around midday, there is a marked 

reduction of in vivo fluorescence that is uncorrelated to Chl-a concentrations, and this leads to an 

underestimation of Chl-a within the euphotic zone (Falkowski and Kolber, 1995). This was 

corrected for using the methodology described in Sackmann, Perry and Eriksen (2008) and 

Hopkins et al. (in prep). By using the ratio of Chl-a fluorescence to optical backscattering (F:bb), 

the depth to which quenching was occurring and the temporal extent to which it persisted was 

identified, and the depth of the maximum Chl-a concentration was then extrapolated to the 

surface. During the July cruises a well-defined SCM was present, with average surface Chl-a 

concentrations substantially lower (0.31 mg m-3) than during the April cruise (3.06 mg m-3). There 

was also only a small difference in surface Chl-a concentrations between night and day profiles (< 

3 mg m-3), and so quenching corrections were not undertaken. 

A visual comparison between calibrated Chl-a profiles from the Seaglider and calibrated 

CTD bottle-samples was done to facilitate quality control. Profiles of Chl-a were compared and 
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showed no large systematic variation between the datasets; the small-scale variability between 

Seaglider and calibrated CTD collected data was likely due to the variation between the datasets 

as a product of a greater number of Seaglider profiles (CTD profiles = <25, Seaglider profiles 

= >1100), lateral distance and the period of time between compared profiles. The relative ‘patchy’ 

characteristics of phytoplankton communities in dynamic systems will also fundamentally affect 

separately sourced Chl-a data (Holligan, 1978). 

 

2.4 A Microfluidic Lab-on-Chip Nutrient Sensor 

The Lab-on-Chip (LoC) sensor is based on microfluidic principles (Sieben et al., 2010) and is 

a miniaturised wet-chemical sensor designed and built by the Ocean Technology and Engineering 

Group (National Oceanographic Centre, UK). The LoC system is a platform capable of measuring a 

range of analytes, facilitated by modifications to the LoC structure and chemical assays used 

(Beaton et al., 2011; Rérolle et al., 2013; Grand et al., 2017). The LoC platform with a Nitrite (NO2
-) 

and/or Nitrate (NO3
-) sensor has been successfully tested (Beaton et al., 2012). The LoC ∑NOx 

sensor was deployed on a benthic lander in the Mauritian oxygen minimum zone to examine 

cross-shelf transport of NO3
- rich waters (Yücel et al., 2015), and in glacial meltwaters rivers 

draining the Greenland Ice Sheet (Beaton et al., 2017). 

LoC nitrate (NO3
-) + nitrite (NO2

-), hereafter defined as ∑NOx uses the Griess assay (Griess, 

1879), where NO3
- is reduced to NO2

- using a custom off-chip Copper-activated Cadmium tube 

(SEAL analytical, UK; Moorcroft, Davis and Compton, 2001). The LoC ∑NOx sensor had three 

different length measurement cells, each suited to a different range of ∑NOx due to non-linearity 

of the Beer-Lambert law at higher absorbance values. The cell lengths were 25 mm, 2.2 mm, and 

0.8mm and were each suitable for measuring ∑NOx in ranges between 0.025 – 35 µM, ~35 - 350 

µM, and up to 1000 µm respectively (Beaton et al., 2012). In this study the longest channel (25 

mm) was chosen as its analytical range (0.025 – 35 µM) was most suited to the range of ∑NOx 

concentrations predicted to be observed during the April and July deployments (0.2 to < 10 µM). 

A LoC ∑NOx sensor, without housing, is 119 x 120 mm (diameter x height) in dimension and 

consists of a microfluidic chip/platform, fluid control components, optical measurement 

components, and electrical components for the overall control of the sensor and data handling 

(Beaton et al., 2011, 2012). These elements, and the internal fluidic layout, are highlighted in 

Figure 2.3 The LoC is composed of three layers of poly(methyl methacrylate) (PMMA) with 

harbored precision-milled micro-channels (150 µm wide, 300 µm deep). A 460 mm long 
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serpentine mixing channel aids in the mixing of analyte sample and reagents. Optical components 

consisted of four LED (525 nm, Avago Technologies, USA) and photodiode (TAOS) pairs. A stepper 

motor linked to three glass barrel syringes (70 µL) and 15 microinert solenoid valves (Lee Products 

Ltd., UK) controls the movement of fluid into and around the chip. When deployed, the LoC 

sensor was encased in a mineral oil-filled housing (PVC, 12 cm diameter, 30 cm height) with an 

internally fitted pressure-compensating bladder, and samples were filtered through a 0.45 μm 

MILLEX-HP filter unit (Millipore, Ireland) that is connected to the sensor using 

polytetrafluoroethylene (PTFE; IN = 0.5 mm) tubing and ¼ 28′′ connectors. All Griess reagents, 

standards (NO3
-) and blank (artificial seawater) solutions were stored in externally attached gas 

impermeable 150 mL Flexboy bags (Sartorius, UK) and the waste collected into a 500 ml Flexboy 

bag (Figure 2.2). 

 

 

Figure 2.2: A LoC nutrient sensor deployed within the wet bay of a Seaglider (Ogive Profile). The 

annotated components are (a), the LoC is in an oil-filled housing (b), multiple blood 

bags used to store reagents, blanks and standards and (c), an 0.45 μm MILLEX-HP 

filter unit (Millipore) that is attached to the cover of the bay before deployment. 

A 
B 

C 
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2.4.1 Chemical preparation: Griess Reagents 

All glassware and plastic flasks (HDPE; Nalgene, UK) used were cleaned using nutrient-free 

detergent (10% Decon, Neutracon for 24 hours), followed by soaking in hydrochloric acid (10 %) 

for 24 hours and rinsed three times with MilliQ (Millipore). 

The Griess reagent was made by dissolving 0.5 g of sulfanilamide (Fisher Scientific, UK) in ~ 

100 mL of Milli-Q water and 5 mL of concentrated hydrochloric acid (Sigma- Aldrich, UK) in a 500 

mL volumetric flask. Once dissolved, 0.05 g of N-(1-Naphthyl)ethylenediamine hydrochloride 

(Sigma-Aldrich, UK) was added with Milli-Q to make a final volume of 500 mL. The imidazole 

buffer solution was made by adding 3.4 g of imidazole (Fisher Scientific, UK) and 1 mL of 10 mM 

copper sulphate solution to 1000 mL of Milli-Q water, and the pH adjusted to 7.8 with 

concentrated hydrochloric acid. Artificial seawater was prepared by dissolving 35 g of sodium 

chloride (Fisher Scientific, UK) and 0.5 g of sodium hydrogen carbonate (Fisher Scientific, UK) in 

 

Solenoid Valves (Blue) 

0. Reagent into flow      1. Sample input 

2. Reagent input                 3. Blank input 

4. Buffer input                     5. Buffer into flow 

6. Standard 1 Input            10. Waste                        

11. Standard 2 Input 

 

States: open valves 

Injection - 0,5,10 

Withdraw Blank - 2,3,4 

Withdraw Sample - 1,2,4 

Withdraw Stand 1 – 2,4,6 

Withdraw Stand 2 – 2,4,11  

Comms ports 

Comms 1 – Laptop / power 

Comms 2 – Glider / stormlogger / power? 

Notes 

• One syringe is approx.. 70 uL 

• 600us step period corresponds to 30s for inject, so 

~ 140 uL/min flow rate 

• three flush (inject/withdraw) + 100s wait = 4m40s 

 

NOC Nitrate sensor v3.2c – Schematic  

 

Measurement cells (Red) 

1. Long cell, 25 mm, 0.025 – 35 µM 
2. Medium cell, 2.2 mm, up to 350 µM 
3. Short, 0.8 mm, up to 1000 µM 
4. Reference cell 

Syringes (Green) 

Injection - 0,5,10 

Withdraw Blank - 2,3,4 

Withdraw Sample - 1,2,4 

Withdraw Stand 1 – 2,4,6 

Withdraw Stand 2 – 2,4,11  

Mixing 

Serpentine 

Reduction Column 

Figure 2.3: Annotated schematic of a LoC nutrient sensor (NOC, UK; version 3.2c). This version of 

the LoC sensor measures nitrite plus nitrate and uses a reduction column mounted on 

the outside of the chip. Information regarding the annotations is provided (left side) 

along with valve operation combinations. 
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approximately 900 mL of Milli-Q water and made up to 1 L. A NO3
- stock solution (100 mM) was 

prepared by dissolving 10.11 g of potassium nitrate (Fisher Scientific, UK) in 1000 mL of artificial 

seawater. Serial dilution with artificial seawater was performed to make the various working 

standards, and 0.1% chloroform (Fisher Scientific, UK) was added to preserve the standards.  

2.4.2 Control and Operation 

The LoC ∑NOx sensor is controlled by a custom design electronic control package. Within 

the package, a micro-controller runs low level operations and the programmable arbitrary state 

machine. A state machine is a timed series of control events in a defined sequence controlling the 

functionality of elements of the sensor. A state machine is uploaded to the LoC over a RS232 

serial connection and is initiated with the powering on of the LoC sensor. Below is a brief 

explanation of a basic state machine performing a stop-flow protocol for a repeating a 

measurement cycle. 

The repeated measurement cycle consists of the analysis of a blank (Milli-Q or artificial 

seawater) sample (filtered when deployed) and associated standard(s). Between each 

measurement the whole chip was flushed with the next analyte solution. Solenoid valves, 

controlling the flow and input of solutions into and around the chip, are actuated, enabling the 

Griess reagent, buffer and analyte solutions (blank, sample or standards) to be drawn 

simultaneously into the three glass barrel syringes (Figure 2.3). The solenoid valve configuration 

then changes (valves are closed and opened) and fluid was pushed/injected through the chip, 

forcing the previous fluid within the chip out of the waste port. The analyte solution and buffer 

solution are then injected into the mixing serpentine before passing through the out-board 

cadmium reduction column. After the cadmium reduction column, the Griess reagent is injected 

into the channel containing the mixed analyte and buffer solution, before passing into the three 

measurement cells. All solutions are injected at a 1:1:1 ratio by volume. The control system then 

waits for a set period (100-120 seconds), allowing for diffuse mixing and the azo dye colour to 

develop, which is proportional to the nitrate concentration. After this time, the transmission 

values from the photodiodes output voltage during the final 5 seconds are averaged. The 

‘flushing’ cycle is then repeated 3 to 7 times to flush the whole chip between analyte 

measurements (Figure 2.4). Increased flushing was used to prevent carryover due to the 

increased dead space added by a filter and extended sampling tube. 
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Once the LoC ∑NOx sensor is deployed and/or initiated, the pre-existing state machine code 

cannot be directly modified by external means. Variations to the running order of the state 

machine can be achieved by triggers that initialise pre-coded variations; these consists of counts 

(do task x times), timings (wait x hrs/days) and external (if parameter x is y do task z). The 

following examples are based on the interactions between the LoC sensor and Seaglider when 

deployed at sea and show variations to the state machine running order and decision 

opportunities: 

• The LoC sensors micro-controller is able to receive live depth values from the Seaglider. A 

conditional statement returns True or False depending upon if the received depth value is 

smaller or greater than a pre-set value, causing the micro-controller to continue on the 

current state machine routine or change to a pre-coded variation (i.e. IF depth < 5m DO 

Plan A, ELSE, DO Plan B) 

• The micro-controller is able to count in defined iterations. Whilst the Seaglider is 

descending to the pre-set maximum depth, the micro-controller will undertake a 

minimum of two blank and standard measurements. Once completed, if the maximum 

depths have not been reached, additional measurements will be done until a maximum 

amount or depth is reached  

• By using the on-board clock, the micro-controller can use the completion of a wait period 

to re-start the state machine or initialise a pre-coded variation. If the Seaglider is at the 

surface for an extended period, the micro-controller can initialise the measurement of 

extra standards/blanks 

2.4.3 Lab-on-Chip Deployments on Seaglider and CTD 

During both deployments (April and July 2015) a single LoC nutrient sensor, measuring 

∑NOx, was deployed in the wet payload bay within the Ogive fairing of a Seaglider (Kongsberg; see 

Figure 2.2). This combination of LoC ∑NOx sensor deployed within a Seaglider will hereafter be 

defined as the LoC glider. During the July deployment and cruise, a second LoC nutrient sensor, 

measuring ∑NOx, was mounted on a stainless steel CTD rosette, in the place of a Niskin bottle, to 
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enable the direct comparison of ∑NOx concentrations from both methodologies collected in situ at 

the same depth and time at CCS. 

For deployments on the stainless steel CTD rosette, the LoC ∑NOx sensor was encased in a 

mineral oil-filled housing (PVC, 12 cm diameter, 30 cm height) with an internally fitted pressure-

compensating bladder. The LoC ∑NOx sensor, along with its battery, reagents, standard (3µM 

NO3
-), blank (ASW) and waste (all stored in blood bags) was mounted on a custom frame. This 

complete package was of a similar size to a 20 L Niskin bottle and its mounting mechanism was 

the same (Figure 2.5). When the CTD rosette was deployed and reached a depth of 5 m a pressure 

sensor on the battery of the LoC ∑NOx sensor powered the sensor on. Once the CTD ascended 

back to 5m the pressure sensor powered the sensor off. 

 

TOP 

& 

BOTTOM 

Figure 2.5: A LoC nutrient sensor within a custom frame mounted on a CTD rosette system in place 

of a single Niskin bottle. The LoC sensor and battery are located within the bottom 

grey section, while the blood bags for the reagents, nitrate standard and waste are 

located in the top section. The 0.45 μm MILLEX-HP filter unit can been seen located 

between both the top and bottom sections. 



Chapter 2 

29 

When deployed on the CTD rosette, the LoC ∑NOx sensor state machine was programmed 

to undertake a repeating measurement sequence of artificial seawater blank, discrete seawater 

sample and standard (3 µM NO3
-). Seawater samples were drawn into the sensor through a 0.45 

μm MILLEX-HP filter unit (Millipore, USA). Between each measurement the LoC ∑NOx sensor was 

flushed 7 times to minimize carryover. This resulted in one blank-corrected seawater sample 

measurement and standard (3 µM NO3
-) every 17 minutes during the CTD cast. The CTD rosette 

was held at three depths (45, 50 & 90 meters) for > 90 minutes to allow for triplicate LoC ∑NOx 

sensor seawater measurements at the prescribed depth, each bracketed by a blank and standard 

measurement. During this time period two Niskin bottles were fired, one within 5 minutes of the 

first LoC ∑NOx sensor measurement and the second within 5 minutes of the last LoC ∑NOx sensor 

measurement.  

The deployment of the LoC ∑NOx sensor on an autonomous underwater glider is 

discussed in Chapter 3 of this thesis. 

2.4.4 Data processing 

The retrieval of data from the LoC ∑NOx sensor was achieved by two methods: (1) a ‘snapshot’ 

of measurement data was transmitted at the end of each dive as part of the Seaglider’s 

communication to the base station via Iridium, and (2) the complete raw dataset stored internally 

(SD card) which was retrieved after the recovery of the Seaglider. The transmitted data consisted 

of a 5 second average of the photodiode output voltage for every measurement (blank, standard, 

and seawater sample), from the end of the colour development period, along with their 

respective depths and state machine instruction number (used to identify between the types of 

measurements; Appendix B.1). The raw dataset consisted of the full output from the polling of all 

sensors within the LoC ∑NOx at 1Hz. This consisted of (a) the voltage output of the photodiode in 

each measurement cell (reference, small, medium and large), (b) time and depth parameters 

received from the Seaglider, and (c) multiple parameters from the LoC ∑NOx sensor for diagnostic 

use (i.e. temperature of the electronics, power supply and Hall effect sensors; Appendix B.2). All 

LoC ∑NOx sensor data was processed and analysed using custom MatLabTM (MathWorks) scripts.  
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For all deployments of the LoC ∑NOx sensor for this thesis, only a single NO3
- standard (µM) 

was deployed, and the processing routine done to convert the photodiode output voltages (V) 

into NO3
- concentrations (µM) is described below. The ∑NOx concentration of the discrete sample 

was calculated by multiplying the deployed on-board standard concentration (Conc; µM) by the 

ratio of the absorbance (Abs; AU) of the discrete seawater sample and standard. The absorbance 

value for each standard and discrete sample was calculated as follows:  

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 = −1 𝑥 log 10 (
𝑇𝑟𝑎𝑛𝑠𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝑇𝑟𝑎𝑛𝑠𝐵𝑙𝑎𝑛𝑘

)   (2. 3) 

where TransStandard and TransBlank are the mean voltages of the photodiodes in the 

measurement cells during a 5 second period at the end of each colour development period. 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 𝐶𝑜𝑛𝑐𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑  𝑥 (
𝐴𝑏𝑠𝑆𝑎𝑚𝑝𝑙𝑒

𝐴𝑏𝑠𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑
)   (2. 4) 

All discrete seawater samples were calculated on a dive-by-dive basis with the associated 

blank and standard from that dive, and if there was more than one blank or standard an average 

of the two transmission values was used. 

2.4.4.1 Post-processing - Quality Control & Analytical assessment 

A drift between the start timestamp of each dive in the Seaglider and LoC ∑NOx sensor data 

occurred during the deployments. Both devices are on two separate clocks that cannot be actively 

synced in situ. Due to the previously described Seaglider timing issues (Section 2.3.1.1) the LoC 

∑NOx sensor data, which is collected at 1 Hz, will not have a parallel data point from the Seaglider 

dataset. A correction was carried out to align the start timestamp for each LoC ∑NOx sensor and 

Seaglider dive file, with all timing data converted to a Unix time stamp. By correcting the start 

timestamps and using the same timing format complimentary Seaglider data (CTD and bio-optical) 

can be acquired for each time a discrete sample drawn into the LoC ∑NOx sensor. 

Anomalous standard and blank transmission values can drastically affect final concentrations 

calculations (e.g. ± 0.005 absorbance can result in ~ 0.7 µM ∑NOx difference). As most dives only 

had a single standard and blank value to calculate the discrete concentrations, flagging these 

anomalous transmission values was vital and was undertaken manually or automatically by 

comparison to a moving window average. When a dive had multiple blank/standard 

measurements, a value would be flagged ‘bad’ if its relative standard deviation was >5 %, for a 

single blank/standard measurement this would be calculated against the moving window average. 

Where dives had a flagged blank or standard transmission value, the moving window average 

value was used to calculate the absorbance values. 
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The on-board standard (µM NO3
-) is vital to be able to calculate (Equation 2.4) the 

concentration of discrete seawater samples, and therefore knowing the precise concentration 

when deployed and any variation during the deployment is paramount. Variation of the 

concentration of the on-board standard could occur through contamination and degradation. 

Contamination could occur during the making of the standards and degradation can occur due to 

non-ideal working and storage environment over long-term deployments (e.g. longer than one 

week). To account for this, all deployed standards and blanks were analysed for ∑NOx (µM) using a 

Quattro high performance segmented flow analysis (SFA) system (SEAL Analytical Ltd., UK) both 

pre and post deployment, with any contamination or degradation factored into calculations 

(Table 2.). 

Table 2.2: Pre and post cruise ∑NOx (µM) concentrations of the blanks (artificial seawater) and 

standards (NO3
-) deployed with the LoC sensors on the CTD rosette and Seaglider for 

both cruises (2015) at CCS. 

CRUISE BLANK: PRE STANDARD: PRE BLANK: POST STANDARD: POST 

APRIL <0.01 µM Seaglider: 6.48 µM Seaglider: <0.01 µM Seaglider: 6.65 µM 

JULY 0.51 µM 3.22 µM  CTD: 0.58 µM 

Seaglider: 0.51 µM 

CTD: 3.44 µM 

Seaglider: 3.36 µM 

The limit of detection (LOD) is the lowest concentration that can be reliably detected by a 

method and is defined as three times the standard deviation of the blank measurement (Long and 

Winefordner, 1983). For the LoC ∑NOx sensor LOD is regulated by the point-to-point variations of 

the absorbance value of the deployed standard (Beaton et al., 2012). When the LoC is used in a 

continuous protocol, consisting of a repeated measurement routine of a sample bracketed by a 

blank and standard(s), each sample and standard has an associated blank used to calculate 

absorbance. The LOD is then taken as three times the standard deviation of these standard 

absorbance measurements from the back-to-back measurements. Within a laboratory setting a 

detection limit of 20 nM has been demonstrated (Beaton et al., 2012). When the LoC ∑NOx sensor 

was deployed on a Seaglider, the sampling routine (Section 3.2) was only able to complete 1 or 2 

blank and standard measurements per dive that were > 40 minutes apart. Therefore, considering 

the inherent uncertainties of a > 20-day deployment with degrading standards and cadmium 

column, the estimated analytical uncertainty of LoC ∑NOx sensor was calculated to understand 

the analytical uncertainty of the LoC ∑NOx sensor over the deployments. The estimated analytical 

uncertainty was calculated from two times the standard deviation of the standard absorbance 

values; for all deployments for this thesis the estimated analytical uncertainty was <0.2 µM (n = 

193). 
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Chapter 3: The First Deployment of a Lab-on-Chip Nitrite 

+ Nitrate sensor in an Autonomous Underwater Glider 
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3.1 Introduction 

Seasonally stratified, temperate shelf seas act as important global carbon sinks through 

the continental shelf pump mechanism (Tsunogai, Watanabe and Sato, 1999; Thomas et al., 2004; 

Takahashi et al., 2009). Despite the shelf seas’ relatively small size (8% of global ocean area), they 

actually account for 15–30% of total oceanic primary production (Tweddle et al., 2013) and have 

an average carbon fixation rate per unit area ~2.5 times greater than the open ocean (Simpson 

and Sharples, 2012). The interplay between light, nutrients and mixing are key drivers of primary 

production. A well-studied temperate shelf system, the Celtic Sea, shows a clear seasonal cycle 

whereby initial light and nutrient conditions are ideally suited to support the onset of the spring 

bloom (Fasham, Holligan and Pugh, 1983). This results in the rapid drawdown of nitrate (NO3
-) 

from ~ 6-8 μM to below the limit of detection (<0.1 µM) (e.g. Hickman et al., 2012; Davidson et 

al., 2013). Post-bloom, new primary production is limited to the sub-surface chlorophyll maximum 

(SCM) where fluxes of NO3
- into the thermocline fuels new production (Hickman et al., 2009). 

In the central Celtic Sea, shear generated turbulence (Sharples et al., 2001, 2007; Rippeth 

et al., 2009) and wind-driven oscillations (Tom P. Rippeth, 2005) are the central mechanisms in 

driving diapycnal mixing of NO3
- up into the nutrient deplete surface mixed layer. Wind-driven 

shear occurs in episodic short-lived spikes (0.5-1 hr) and has the potential to have a large impact 

on NO3
- fluxes, with observations indicating that this flux can be up to 4 times greater than when 

no shear was observed (Sharples et al., 2001; Palmer, Rippeth and Simpson, 2008; Rippeth et al., 

2009). 

At present, it is difficult to effectively sample nitrate at the high resolution required to 

observe these key short-term mixing events (Sharples et al., 2007; Charlotte Williams et al., 2013). 

Combined with limited winter data, this can lead to incorrect seasonal estimates of NO3
- fluxes 

that are key to primary production and carbon fixation. Chemical in-situ sensors can provide the 

high-resolution data necessary to resolve biogeochemical processes occurring in shelf seas (Prien, 

2007; Adornato et al., 2010). Wet-chemical analysers, centred on microfluidic Lab-on-Chip (LoC) 

technology, are at the leading edge of advancements for chemical in-situ nutrient measurements 

(Nightingale, Beaton and Mowlem, 2015). Due to their compactness, low resource use and 

analytical performance comparable to laboratory-based methods, LoC nutrient sensors are well 

suited to high-resolution float, glider and mooring deployments. Autonomous underwater 

vehicles, such as gliders, have already been shown to provide an economic and efficient 

observation platform to resolve mesoscale and submesoscale structures, allowing for high-

resolution sampling of biogeochemical parameters, such as NO3
- using an in situ ultraviolet 

spectrophotometer (Johnson et al., 2009,2017; Rudnick, 2016).  
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Here we demonstrate the power of coupling the LoC nutrient sensor into a Seaglider to 

obtain continuous in-situ high temporal and spatial resolution nitrite + nitrate (NO3
-+NO2

; 

hereafter defined as ∑NOx) measurements over the duration of the spring bloom in April 2015. 

This enabled short-term mixing events key to establishing the spring bloom and its subsequent 

decline to be observed.  

 

3.2 Experimental  

A single LoC ∑NOx sensor (Ocean Technology and Engineering Group, National 

Oceanography Centre, Southampton, UK) was integrated within the science bay of a Kongsberg 

Seaglider (Ogive fairing) and deployed from the R.S.S Discovery in the Celtic Sea, as part of the 

NERC funded Shelf Sea Biogeochemistry program in April 2015. In addition, a second LoC ∑NOx 

sensor was mounted on a Conductivity-Temperature-Depth (CTD; Seabird 911 plus) rosette to 

enable direct comparison of its measurements to concentrations of ∑NOx from seawater samples 

collected in-situ at the same depth and time in July 2015.   

Both LoC deployments by Seaglider and discrete ship-based CTD rosette samples were collected 

from the Central Celtic Sea site (CCS; Figure 2.1) located ~137 miles off the Cornish coast, UK 

(49o24.134’N, 8o36.248’W), with a water column depth of ~ 145 meters. The Seaglider with 

integrated LoC ∑NOx sensor was deployed for 21 days (4th-25th April 2015) and completed 776 

dives within 10 km of the CCS station. A total of 24 CTD casts within < 22 km of CCS were also 

conducted, allowing for comparison between discrete water samples and the LoC ∑NOx sensor. 

The rosette package consisted of a Seabird 911 plus CTD and 24 bottle Niskin system, which was 

used to collected discrete seawater samples. Chlorophyll a (hereafter Chl-a) was measured on a 

pre-calibrated (spinach extract, Sigma Aldrich) fluorometer (Turner Design Trilogy). Water 

samples collected from the Niskin bottles were analysed onboard for NO3
-+NO2,

- using a 

segmented-flow autoanalyzer (Bran & Luebbe) following the colorimetric procedures of 

Woodward and Rees (2001). 
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Figure 3.1: (a) Diagram of the locations of sensors deployed on the Seaglider (Kongsberg; Not to 

scale): (1) CT sail, (2) LoC, and (3) ECOPuck. (b) A LoC ∑NOx Sensor deployed with 

housing within the sensor payload bay of a Seaglider (Ogive Profile). (c) A LoC ∑NOx 

sensor consisting of (1) microfluidic chip, (2) custom electronics, and (3) syringe 

pump assembly. 

The LoC ∑NOx sensor was integrated into the payload bay of the Seaglider (Figure 3.1b 

and connected by cable directly into one of the glider serial ports. The inlet tube with filter is 

located on the surface of the payload bay cover ~30 cm behind the CT sail (Seabird Electronics). 

The Seaglider software uses a CNF file that contains the configuration for each on-board 

instrument and a CMD file that provides mission parameters. The CNF file enables communication 

between the Seaglider and the LoC ∑NOx sensor. The LoC ∑NOx sensor is set to ‘logger’ in the CNF 

file, which enables the glider to send several commands. These commands allow the Seaglider to 

send and receive data to and from the sensor. Some of the key commands are ‘clock-set’, used 

only at the start of each dive but enables the sensor to store any time offset between glider and 

LoC ∑NOx sensor, ‘status’ which sends the sensor depth every 5 seconds along with 3 trigger 

values and ‘download’ sent at the end of each dive requesting the sensor to send both ascent and 

descent data files of processed ∑NOx values. During deployments the CMD file is typically 

transmitted to the Seaglider by satellite and includes three trigger values that can be passed to 

the LoC ∑NOx sensor using the ‘status’ command. These triggers are used to modify sensor 

behaviour at different depths. Primarily these are used to ensure the LoC ∑NOx sensor does not 



Chapter 3 

37 

take samples on the surface and risk the intake of air, and to aid with additional blank and 

standard measurements. 

For deployments in the Seaglider, the LoC ∑NOx sensor was encased in a mineral oil-filled 

housing with an internally fitted pressure-compensating bladder, and along with the reagents, 

standard (6.5 µM NO3
-), blank (ASW) and waste (all stored in blood bags), secured into the wet 

payload bay of the Seaglider. Power and communication between the LoC ∑NOx sensor and 

Seaglider was facilitated by a RS232 cable directly connected into one of the Seaglider’s serial 

ports.  

The LoC ∑NOx sensor’s state machine was programmed to obtain a minimum of one blank 

(ASW) and one standard measurement (µM NO3
-) at the beginning and end of each Seaglider dive. 

After the first measurements of blanks and standards, the LoC ∑NOx sensor undertook continuous 

measurements of seawater samples on both the descent and ascent. Continuous measurements 

of seawater samples were undertaken until the Seaglider informed that the LoC ∑NOx sensor was 

at a depth of 10 m. Seawater samples were drawn through a 0.45 μm MILLEX-HP filter unit 

(Millipore) into the sensor within the payload bay. Over the period of sampling (21 days), this 

resulted in 312 and 199 artificial seawater blanks and standards respectively, which was sufficient 

to determine both the ∑NOx concentration and any drift associated with either the artificial 

seawater blank and/or the NO3
- standard.  

The Seaglider is a buoyancy driven autonomous underwater vehicle, capable of multi-

month deployments collecting high-resolution profiles of physical and biogeochemical parameters 

to 1000 m with a maximum travel range of 4,600 km (Rudnick et al., 2004). Bilateral 

communication between the Seaglider and base station, through an Iridium satellite connection, 

allowed dive configurations to be modified once deployed. Data was transmitted back to shore 

during deployments to assess the performance of the LoC ∑NOx sensor. In addition to the LoC 

∑NOx sensor within the science bay, the Seaglider measured conductivity & temperature (non-

pumped Sea-Bird SBE13 CT Sail, Seabird Electronics), pressure (Pain Electronics) and fluorescence, 

turbidity and optical backscatter (Triplet ECOPuck, Wet Labs). Conductivity, temperature and 

pressure were collected at a frequency of 1 Hz during deployment with all dive profiles lying 

within 4 km of CCS (Figure 2.1c). Temperature and conductivity were extracted and processed 

using the UEA Glider Toolbox (Queste, 2013). These routines apply manufacturer calibrations 

correct for thermal inertia following the methods of Garau et al. (2011) remove spikes and 

anomalous data, and draw upon a flight model similar to that described by Frajka-Williams et al. 

(2011). Four CTD casts, taken within 1.6 km of the glider, were used to calibrate the temperature 

and salinity. Manufacturer calibrations were initially applied to data from the WetLabs Triplet for 

coloured dissolved organic matter (CDOM), backscatter and fluorescence by subtracting the 
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instrument blank and applying a scaling factor. Calibration to convert fluorescence to Chl-a is 

based on the sensor’s response to a cultured diatom, Thalassiosira weissflogii at a known Chl-a 

concentration (Hemsley et al., 2015; Sea-Bird Scientific, 2017). 

3.3 Results and Discussion 

3.3.1 Assessing the accuracy of LoC ∑NOx sensor using discrete water samples  

The ability of the LoC ∑NOx sensor to accurately determine ∑NOx was assessed in two 

ways: (i) by comparison of the LoC ∑NOx sensor mounted on the stainless-steel rosette with 

discrete water samples collected using Niskin bottles at the same time and (ii) by comparing 

profiles obtained from the LoC ∑NOx sensor deployed within the glider with discrete water 

samples collected from the CTD on the same day at CCS. The LoC ∑NOx sensor, along with battery 

and reagents, was a similar size to the 20L Niskin bottle and was mounted in place of a single 

Niskin bottle on the frame. Once below 5 meters, a pressure sensor on the battery activated the 

power to the LoC ∑NOx sensor. The CTD rosette was held at three depths (45, 50 & 90 meters) for 

at least 90 minutes to allow for triplicate LoC ∑NOx sensor measurements at the prescribed depth, 

each bracketed by a blank and standard measurement. During this time period, two Niskin bottles 

were fired, one within 5 minutes of the first LoC ∑NOx sensor measurement and the second within 

5 minutes of the last LoC ∑NOx sensor measurement. Water was collected from these discrete 

bottle firings for determination of NO3
-+NO2

- concentrations using the segmented flow 

autoanalyzer in the ship-based laboratory. Figure 3.2a indicates the excellent agreement between 

sensor measurements and analysis of discrete water samples with a correlation of r2 = >0.99 (n = 

9; p = <0.001). The estimated analytical uncertainty of the LoC ∑NOx sensor was calculated from 

two times the standard deviation of the absorbance value of the deployed standard over the 

three deployments and was 0.14 µM (n = 10). This analytical uncertainty is higher than reported 

values for traditional segmented flow autoanalyzer analysis of ∑NOx (0.03-0.07 µM; Dafner, 2015) 

but lower than previous LoC ∑NOx deployments (0.4-1 µM; Yücel et al., 2015).  

LoC ∑NOx data, collected from within the glider, was compared with NO3
- + NO2

- values from 24 

CTD profiles collected at CCS throughout the 21-day deployment. Unlike the previous 

assessment of analytical uncertainty, data from the CTD profiles were not collected 

at the same time (1 – 10 hr window) or depth range (±3 meters) and all samples were 

collected in a dynamic shelf sea system. Figure 3.2b, however, shows the excellent 

agreement the LOC ∑NOx data and the discrete water sample measurements over the 

21-day period, with a correlation of r2 = >0.98 (n = 51; p = <0.001). The average 
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estimated analytical uncertainty for the LoC ∑NOx sensor during this period was 0.19 

µM (n = 142) similar to the 0.14 µM (n = 10) for the CTD NO3
- profiles.l 

Initial Seaglider dives (4th to 9th of April) were configured in a standard flight mode, 

whereby the Seaglider adjusts its pitch and buoyancy to maintain a uniform glide slope and 

decent and ascent speed (Eriksen et al., 2001). The LoC ∑NOx sensor was switched on at the 

beginning of each dive and completed a blank and standard measurement followed by continuous 

measurements. The LoC ∑NOx sensor acquired depth information directly from the Seaglider, and 

using a depth trigger at 10 meters, the sensor recognized the Seaglider was diving and after 

completing its current blank or standard measurement would undertake continuous sample 

measurements. Triggers were also used to take advantage of extra time at the beginning, apogee 

and end of dives to undertake extra blank and standard measurements.  
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Figure : (a) Comparison of the two different dives used in this study. Blue and red diamonds 

indicate where ∑NOx measurements were obtained. (b) ∑NOx measurements from 

one CTD cast (02:06 am; dashed line) and sixteen standard dives (00:18 to 09:25 am; 

diamonds) from the 6th April 2015. (c) ∑NOx measurements from two CTD cast 

(02:06 and 08:22 am; dashed lines) and seven ‘loiter’ dives (11:19 am to 16:25 pm; 

diamonds) from the 16th April 2015.  

Figure 3.3 (a) shows that when the Seaglider was operated in the standard dive mode, the 

LoC ∑NOx sensor carried out 5 sample measurements per 120 m dive with a total dive time of 30 ± 

8 minutes. Moreover, these measurements were always in the same depth ranges within the 

water column due to the relatively shallow water column (~145 meters) and sensor operation 

timings. Figure 3.3b) shows the excellent agreement between the LoC ∑NOx sensor and traditional 

CTD segmented flow autoanalyzer measurements, for one single CTD cast at 02:06 am and sixteen 

dives by the Seaglider from 00:18 to 09:25 am on the 6th of April 2015. However, the temporal 

and spatial resolution of ∑NOx data (over the period of the day within the surface layer and across 

boundaries such as the nitracline) would not be sufficient to investigate the depletion of ∑NOx as 

the spring bloom develops. As the glider can be controlled remotely to increase the distribution of 

measurements by the LoC ∑NOx sensor throughout the water column, in particular across the 

nitracline, a second dive methodology - termed a ‘loiter’ dive - was employed. After the Seaglider 
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has reached its maximum depth for that particular dive and started its ascent, for 30 mins the 

ascent angle was lowered and the glider ‘loitered’, thus increasing the resolution of 

measurements within the water column (Figure 3.3a). Selected maximum target depths (90, 60, 

40 and 25 meters) were used to control the maximum dive depth and ensured a higher number of 

measurements in areas of interest (Figure 3.3c). Loiter dives to 90 meters doubled the amount of 

measurements made compared to the previous standard dives. Figure 3.3c shows a comparison 

between ∑NOx concentrations from two CTD casts at 02:06 and 08:22 am and LoC ∑NOx 

concentrations from seven ‘loiter’ dives from 11:19 am to 16:25 pm on the 15th of April 2015. 

Once more, good agreement between the LoC ∑NOx sensor and traditional segmented flow 

autoanalyzer measurements of CTD discrete samples was observed throughout the whole water 

column during this 14-hour period. To ascertain the ability of the LoC ∑NOx sensor to make 

comparable measurements to the segmented flow autoanalyzer, over an extended time period 

(4th to 25th April, 2015), we compared the measurements within the bottom layer at 60 -120 m 

where little changes in ∑NOx were observed. Excellent agreement between both the segmented 

flow autoanalyzer (6.86 ± 0.09 µM; n = 22) and LoC ∑NOx sensor (6.86 ± 0.16 µM; n = 120) was 

observed. We have demonstrated the ∑NOx concentrations measured from the LoC ∑NOx sensor 

are comparable to those of the shipboard measurements analysed on a segment flow 

autoanalyzer. Moreover, this shows that accurate measurements can be obtained from the LoC 

∑NOx wet chemical sensor over 21 days in a dynamic shelf environment.  

On-board calibration with artificial seawater blanks and NO3
- standard for each dive 

enables both the monitoring of instrument performance and stability over long-term 

deployments. To ensure maximum efficiency of the cadmium column, where NO3
- is reduced to 

NO2,
 a flow rate of 150 µl/min was chosen (Beaton et al., 2012). However, it is important to 

monitor any drift in the efficiency of the cadmium column over time as this may impact on the 

∑NOx concentrations. In this study, a decrease in absorbance values was observed, likely due to 

the gradual reduction in efficiency of the cadmium column over time. As sample concentrations 

are calculated from their associated blank and standard measurements, where the ratio of the 

absorbance of the sample and standard are determined, any drift caused by the decreasing 

reduction efficiency of the cadmium column is compensated for. Our results demonstrate that 

any decrease in absorbance values observed did not impact on the accurate determination of 

∑NOx from the LoC as shown by the excellent agreement with traditional autoanalyzer ∑NOx 

method from discrete water samples collected throughout the 21-day deployment.  
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3.3.2 Biogeochemical cycling of Nitrate during the Spring bloom in the Celtic Sea 

The data set presented here was collected during the spring phytoplankton bloom, a period 

during which integrated net productivity becomes greater than integrated losses and 

phytoplankton biomass accumulates in surface waters (Sverdrup, 1952). Over the 21-day 

deployment the LoC ΣNOx sensor was able to accurately capture the large drawdown of ΣNOx 

within the surface layer due to the onset of the spring bloom (Figure 3.4). Concentrations 

decreased from 5.74 µM (4th) to 1.42 µM (25th), whilst bottom layer NO3
- concentrations 

remained constant (6.86 ±0.16 µM), as observed in previous studies within the Celtic Sea 

(Tweedle, 2007; Williams, 2013). 

 

Figure 3.4: (a) temperature (˚C), (b) LoC ∑NOx (µM) and (c) mean surface (< 20 m) Chlorophyll-a 

measurements obtained from one Seaglider deployment from the 4th to 25th April 

2015. 

At the start of the deployment (4th–6th April 2015), a small 0.8 μM difference between 

near surface (20-40 m) and bottom water (60-80m) ∑NOx concentrations was observed. During 

this time, surface Chl-a concentrations were relatively low (1.8 mg m-3) but much higher (by 1.5 

mg m-3) than those typically observed during the winter in the area (Pingree et al., 1976; Smyth et 

al., 2010). This suggests that some phytoplankton growth had already occurred prior to 

deployment of the glider.  
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Between the 4th and 6th April, the ∑NOx concentration between 20-40 m remained 

constant. Any changes in the near surface (<20 m) water, however, where you might expect the 

largest draw down in NO3
-, were not resolved since the standard dive pattern used during this 

early period did not result in near surface LoC ∑NOx measurements being made. Nevertheless, it is 

clear from Figure 3.4 that a large drawdown of 3 µM ∑NOx occurred between the 4th and 11th of 

April 2015 (<40 m) as stratification of the water column initialized. This corresponds to the 

observed increase in surface water Chl-a, from 1.8 mg m-3 to 3.7 mg m-3, indicative of 

phytoplankton growth, and thus nutrient drawdown, during the onset of the spring bloom. 

Changing the dive configuration to ‘loiter’ dives on the 11th of April increased the resolution of 

∑NOx surface data. 

Just as the temperature sensor resolves the gradual deepening and warming of the 

surface mixed layer, the LoC ∑NOx sensor resolves the coincident deepening of the nitracline and 

draw down of ∑NOx above it. Between the 4th and 25th April surface waters warmed by >1°C and a 

40 m deep thermocline is established. During this time there is a 4.2 µM drawdown of ∑NOx and 

an increase in Chl-a from a background of 1.8 mg m-3 to 4-6.8 mg m-3. 

By the end of the Seaglider deployment (25th), a two-layer water column had developed 

with a warm, nutrient depleted, 40 m surface layer overlying colder, nutrient-rich bottom waters. 

Previous studies suggest that phytoplankton growth starts to become ∑NOx limited when 

concentrations fall below 1 µM (Eppley, Rogers and Mccarthy, 1969). The low surface water ∑NOx 

concentrations (1.4 µM) measured during the end of the deployment suggest that this was close 

to happening. This is supported by a coinciding decrease in Chl-a (to <2 mg m-3) towards the end 

of the deployment. Ship-based observations show that it was not until the 28th that surface water 

concentrations were below the limit of detection of 0.1 µM (Birchill et al., 2017). 

3.3.3 Future use of a LoC ∑NOx sensor on long term AUV deployments 

This study has demonstrated for the first time that it is possible to accurately measure 

∑NOx over long-term deployments using a wet chemical nutrient sensor deployed within a glider. 

Our study provides a novel methodology of differing operational characteristics to current high-

resolution capable methodology (Johnson et al., 2013), enabling an increase in observations of 

∑NOx dynamics in temperate shelf seas during key transitional events (e.g. the onset of 

stratification and the spring bloom, convective overturning and the autumn bloom) and across 

fine-scale vertical and horizontal features (e.g. tidal mixing fronts, sub-surface chlorophyll 

maximum). At present, wet chemical biogeochemical sensors do not have the vertical resolution 

capabilities of the commonly used physical and optical sensors such as temperature, fluorescence 
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or established ultraviolet spectrophotometer nitrate sensors (Johnson and Coletti, 2002). This 

resolution could be further improved by decreasing the time taken between measurements. By 

increasing flow rate, decreasing colour development time, decreasing the number of flushes and 

increasing N.E.D (naphthylethylenediamine dihydrochloride) concentration and reaction 

temperature, an increased measurement resolution could be achieved, but at the expense of 

measurement sensitivity (Pai, Yang and P. Riley, 1990; Beaton et al., 2012). 

For long-term deployment of wet chemical sensors, reduced resource consumption 

(power and reagents) and compact size are the main advantages of microfluidic systems. 

Deployment of sensors on moorings, where solar and wind power are available, negates power 

constraints. However, for autonomous underwater vehicles power becomes the greatest limiting 

resource (Dickey et al., 2008). During the 21-day deployment, the LoC ∑NOx sensor (version 3.2) 

had a low power consumption of 1.5 W. This was only marginally higher than the other standard 

sensor packages on the Seaglider (0.9 W and 0.25 W for the WetLabs ECO Triplet and SBE pumped 

payload CTD respectively), but lower than other wet chemical and UV absorption systems (e.g. 

ISUS V3, Satlantic, USA; NitraVis, YSI, USA; SubChemPak, SubChem Systems, USA). A single dive of 

the LoC ∑NOx sensor consumed 2.5 mL of Griess reagent, 2.5 mL of buffer solution and 0.21 mL of 

standard and blank solution, achieving 1 blank and standard measurement and ~ 10 samples on a 

dive to 120 meters. This would enable a total of 400 dives to be made and 4000 sample 

measurements. During this study, the LoC was only active during periods when the R.S.S Discovery 

was also sampling at CCS to enable a direct comparison between the two types of measurements 

over a long-term deployment of the LoC. This resulted in accurate LoC ∑NOx determined over 21 

days. With a sampling strategy focused on achieving the maximum amount of measurements, a 

profile consisting of 10 sample measurements could be undertaken every ~ 40 minutes, allowing 

for increased observations of episodic and transient events unable to be observed by discrete 

sampling.  
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3.4 Conclusions 

The temporal and spatial variability of biogeochemical processes has been successfully 

measured through the use of remote sensing, time series moorings and ship-based methods, but 

these, to an extent, fall short in resolving the dynamic temporal and spatial elements with long-

term endurance in a low-cost package. From this, there has been a strong call for the 

development of biogeochemical sensors to be deployed on stationary and mobile platforms, to 

provide in situ measurements as part of sensor networks aimed at providing long term monitoring 

within a low cost package (Johnson et al., 2009; Adornato et al., 2010). The LoC ∑NOx sensor 

deployed within the Seaglider in this study clearly demonstrates that nitrate & nitrite can be 

accurately determined over monthly timescales due to the sensor’s low resource use, small size 

and in situ calibration abilities. Moreover, deployed within a glider with other physical and 

biochemical data (e.g. CTD and the WetLabs Triplet sensor measurements), it provided a powerful 

tool for resolving dynamic biogeochemical processes within a dynamic shelf system. 

 



Chapter 4 

46 

Chapter 4: Measuring vertical ∑NOx fluxes using a Lab-

on-Chip nutrient sensor and Microstructure profiler 

This research within this chapter will be submitted to Geophysical Research Letters.  
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4.1 Introduction 

Shelf seas are globally key transition regions between terrestrial, atmospheric and oceanic 

environments that play a vital role in global carbon, macronutrient cycling and fisheries (Gattuso, 

Frankignoulle and Wollast, 1998; Pauly et al., 2002). This is due to the significant levels of new 

production from shelf seas (~3.7 Pg C y-1; Liu et al., 2000; Jahnke, 2010), estimated to be 

responsible for 10-20% of ocean carbon sequestration (Muller-Karger, 2005). Moreover, shelf seas 

have been identified as net sinks of atmospheric CO2 (Frankignoulle and Borges, 2001; Borges, 

Delille and Frankignoulle, 2005; Chen and Borges, 2009). Despite their relatively small size, 

temperate and high latitude shelf seas have a significant impact on the air-sea carbon flux and the 

storage and export of carbon to the seafloor and deep ocean (Tsunogai et al., 1999; Thomas et al., 

2004; Jahnke, 2010). 

Temperate shelf seas are dynamic environments with well-defined seasonal cycles and in 

primary production with a spring and autumn bloom and summer sub-surface chlorophyll 

maximum (SCM; Sverdrup, 1952; Pingree et al., 1976; Simpson and Sharples, 2012). The onset of 

stratification in spring confines phytoplankton to within the euphotic zone, resulting in a rapid 

increase in biomass, known as the spring bloom, which causes a subsequent large drawdown of 

nitrate (Pingree et al., 1976; Fasham, Holligan and Pugh, 1983). The seasonal pycnocline inhibits 

the vertical diapycnal transfer of nitrate into the euphotic zone, and phytoplankton are then 

limited to regenerated sources of bio-available nitrogen (e.g. ammonium) or external sources of 

‘new’ nitrate introduced from outside the local system (e.g. atmospheric deposition and riverine 

inputs; Dugdale and Goering, 1967).  The spring bloom is a key annual production event that is 

estimated to produce around ~50% of annual new production (Richardson et al., 2000; Hickman 

et al., 2007). Studues, have observed that rates of new production SCMthat into the base of the 

pycnolice) are eqivilent to 10 to 19 g C m-2 over the whole summer period (~ 120 days) are 

comparable (Sharples, 2008; Hickman et al., 2012), and could even surpass spring bloom new 

primary production values (Richardson et al., 2000; Weston et al., 2018)seasonally.  

During summer, new production in the Celtic shelf sea occurs at the tidal mixing fronts 

(Holligan et al., 1984; Horne et al., 1996), the shelf edge, due to vertical transport of nutrient rich 

water by internal tides (Joint et al., 2001; Sharples and Moore, 2009), and within the sub-surface 

chlorophyll-a maximum across the shelf, due to diapycnal fluxes (Richardson et al., 2000; Sharples 

et al., 2001). Within the SCM and the surface mixed layer (SML), nitrate is depleted and therefore 

new production is controlled by the flux of nitrate from the bottom mixed layer (BML) through 

the pycnocline into availablethe SCM (Sharples et al., 2001). Bottom boundary layer generated 
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turbulence, arising from barotropic tidal current interactions with the sea floor, powers the 

mixing of nitrate into the base of the pycnocline and SCM 

To fully capture and understand the variability in nitrate fluxes and their effects on 

phytoplankton biomass dynamics, an increase in observational resolution and endurance is 

required. The background diapycnal ∑NOx fluxes for the Celtic shelf sea has been estimated at 1-2 

mM m-2 day-1 (Sharples et al., 2001; Tweddle, 2007; Hickman et al., 2009; Rippeth et al., 2009; 

Hickman et al., 2012; Williams et al., 2013). These studies also highlighted that short-term mixing 

events, caused by one or a combination of spring tides and internal waves (Sharples et al., 2001, 

2007), lee waves breaking over a bank (Tweedle et al., 2013) and wind events (i.e. storms; 

Williams et al., 2013), can produce significant additions to this background flux (3 to 17 times 

greater). Significant increases in diapycnal ∑NOx fluxes brought about by these episodic events 

could increase average seasonal estimates of new production, and thus rates of carbon fixation in 

temperate shelf seas. Also, spatial variation from synoptic observations (from satellite remote 

sensing platforms) have shown how productivity and chlorophyll-a (hereafter Chl-a) in surface 

waters are highly dynamic (Jonnson, Salisbury and Mahadevan, 2011). Variations in 

phytoplankton biomass and productivity, along with nutrient fluxes and availability, can range 

temporally from days to weeks and spatially on vertical scales of 1 to > 10 meters and horizontally 

on sub-mesoscale to mesoscale (Cullen, 2015). 

Autonomous underwater gliders have proven themselves as key platforms for conducting 

complimentary biogeochemical and physical measurements allowing for new observations that 

highlight environmental variability (Johnson et al., 2007; Testor et al., 2010; Meyer, 2016; 

Rudnick, 2016). Short-term glider deployments allow for observations of rapid (hourly to days) 

transient events such as diel vertical migration and the effect of a storm on ocean surface layer 

dynamics and primary production (e.g. Baumgartner and Fratantoni, 2008; Rumyantseva et al., 

2015). Long-term glider deployments have been deployed to observe the seasonal cycle of 

primary production in the Atlantic and sub-Antarctic oceans (e.g. Thomalla et al., 2011; Swart, 

Thomalla and Monteiro, 2015). Such deployments increase the spatial scales of observations in 

both the vertical and horizontal directions capturing ≤ 5 meter thick sub-surface Chl-a maximum 

(Hodges and Fratantoni, 2009) and ~15 kilometre wide eddies (Frajka-Williams et al., 2009). 

Here we combine high-resolution observations from gliders deployed with a microstructure 

profiler and a miniaturized Lab-on-Chip nutrient sensor to interrogate the physical processes 

driving the vertical fluxes of nitrate in much more detail than has previously been possible. Whilst 

previous studies that have relied on a limited dataset to estimate the vertical fluxes of nitrate (e.g. 
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Sharples et al., 2007), we present in situ, sub-hourly profiles of turbulent dissipation and nitrate 

over 18 days during the summer SCM at central site in the Celtic sea. 

4.2 Experimental 

Physical and biogeochemical measurements were collected as part of the Shelf Sea 

Biogeochemistry project on a cruise from the 13th to 30th of July 2015 (DY033) at the Central Celtic 

Sea site (CCS; Figure 2.1). Two different glider setups were deployed, the first (hereafter defined 

as LoC glider), being a Seaglider (Kongsberg; Ogive fairing) with a Lab-on-Chip nutrient sensor 

(Ocean and technology and Engineering Group, National Oceanography Centre, Southampton) 

measuring nitrate + nitrite (hereafter defined as ∑NOx). The second glider (hereafter defined as 

OMG glider), was a Slocum glider (Teledyne Webb research) with a Microrider microstructure 

package (Rockland Scientific International). Further details regarding the setup and deployment 

have been previously described in Palmer et al. (2015) and Vincent et al. (2018) and in Chapters 2 

and 3 of this thesis. The OMG Glider was deployed from the 14th to 31st July 2015 and produced 

1226 profiles of vertical turbulent kinetic energy, temperature and conductivity. The LoC Glider 

was deployed from the 13th and 30th of July 2015, and produced 1128 profiles of temperature, 

conductivity, Chl-a and 78 profiles consisting of 841 ∑NOx measurements. 

4.2.1 Wind and Tide 

Meteorological and tidal data was collected at CCS from a Met Office Ocean Data 

Acquisition System (ODAS) Buoy and Acoustic Doppler Current Profiler (ADCP) mounted on a 

frame on the seabed. The ODAS buoy provided hourly averages of wind speed (m-2; including 

maximum gust speeds) and direction (degrees from north) 3 meters above sea level (Hopkins, 

pers. comm.). Neutral wind stress was calculated following Large and Pond (1981): 

𝜏 = Ρ𝑎(𝐶𝑑𝑢10
2)   (4.1) 

where Ρ𝑎 is the density of air (kg m-3), 𝐶𝑑 is the neutral drag coefficient at 10 meters, and 𝑢10 is 

the wind speed at 10 meters (m s-1). 

The upward facing ADCP (RDI 600 kHz workhorse) measured current magnitude (m-s s-1) and 

direction (degrees from north) at a vertical resolution of 2 meters every 2.5 minutes (Wihsgott, 

pers. comm.). 
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4.2.2 ∑NOx, water column structure & Chlorophyll-a 

A rosette package, consisting of a CTD (Seabird 911+) and Niskin bottle system, was used 

to collect discrete seawater samples following the GO-SHIP sampling and handling procedures 

(Hydes et al., 2010). Samples for Chl-a were measured daily on a pre-calibrated (spinach extract, 

Sigma Aldrich) fluorometer (Turner Design Trilogy; Holm-Hansen et al., 1965). ∑NOx was analysed 

on-board using a segmented-flow autoanalyzer (Bran & Luebbe) following the colorimetric 

procedures of Woodward and Rees (2001) and Brewer & Riley (1965). 

The Lab-on-Chip nutrient sensor (hereafter defined as LoC ∑NOx sensor) was deployed in 

the science bay of the LoC glider and uses colorimetric detection, using the Griess assay 

(Grasshoff, Kremling and Ehrhardt, 1999), where NO3
- is reduced to NO2

- using an off-chip copper-

activated cadmium column to enable ∑NOx to be determined. Reagents (Griess, Imidazole buffer), 

NO3
- standard and artificial seawater blank solutions were stored in Flexboy bags (Sartorius, UK) 

and waste was collected into a 500 ml Flexboy bag within the science bay of the glider. A 6 µM 

NO3
- standard was deployed for the cruise. A detection limit of 20 nM and linear range of up to 

350 µM have been demonstrated in laboratory settings for the LoC ∑NOx sensor (Beaton et al., 

2012). Previous deployments of the LoC ∑NOx sensor have produced estimates of uncertainty 

between 0.14 – 1 µM (Yücel et al., 2015; Beaton et al., 2017b; Vincent et al., 2018). During each 

glider dive, a minimum of one standard and one blank measurement was made. Cross validations 

were made against traditional ship-based autoanalyzer nutrient analyses undertaken at CCS 

within a spatial and temporal period of < 2 km and within 24 hrs (Vincent et al., 2018). Detailed 

descriptions of the LoC ∑NOx sensor and the first deployment within a glider can be found in 

Beaton et al. (2011; 2012) and Vincent et al. (2018) respectively, and in Chapters 2 and 3 of this 

thesis. 

The LoC glider sensor payload consisted of conductivity & temperature (un-pumped Sea-

Bird SBE13 CT Sail, Seabird Electronics), pressure (Pain Electronics) and fluorescence and 

particulate optical backscatter (Triplet ECOPuck, WetLabs). Conductivity, temperature and 

pressure were collected at a frequency of 1 Hz and were initially checked for bounds, spikes and 

anomalies. Manufacturer-supplied coefficients were used for calibration, with further corrections 

to account for thermal lag caused by the thermal inertia of the conductivity cell (Lueck and Picklo, 

1990; Garau et al., 2011). Temperature and salinity, thus density, derived from the glider was 

calibrated against the ship-based CTD values taken from calibrated CTD casts (calibrated against 

discrete samples) < 2 km away from the gliders location. Comparison of values between 80 to 105 

meters resulted in the adjustment of gliders values by -0.1126oC and -0.0249 PSU for the July 

deployment. From these corrections density measurements were recalculated. Manufacturer 

calibrations were initially applied to data from the WetLabs Triplet for fluorescence by subtracting 
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the instrument blank and applying a scaling factor. Calibration to convert fluorescence to Chl-a is 

based on the sensor’s response to a cultured diatom, Thalassiosira weissflogii, at a known Chl-a 

concentration (WetLabs, 2017). 

4.2.3 Turbulence 

The mixed layer depths within the water column were identified by applying a threshold 

method (Kara et al., 2000). This uses a change in density (kg m-3) from a reference depth to locate 

the mixed layer boundaries. This allowed the location of the base of the surface mixed layer (SML) 

and the top of the bottom mixed layer (BML) to be identified. An increase or decrease of 0.01 kg 

m-3 and 0.02 kg m-3 from a surface (15 m) or deep-water (80 m) reference value was used to 

identify the SML and BML (Hopkins, pers. comm.).  

Profiles of vertical eddy diffusivity, temperature and conductivity collected by the OMG 

Glider enabled the investigation in the influence turbulent mixing had on diapycnal nutrient fluxes 

within and into the base of the pycnocline. Measurements were made from the surface to within 

10 m of the seabed, with the upper 10 m being disregarded due to the presence of the ship’s 

wake (Palmer, pers. comm.). For full details of the deployment of the microstructure package on a 

glider, and detailed post-processing, see Palmer et al. (2015).  

Profiles of vertical eddy diffusivity, Kz (m2 s-1), were calculated using the diffusivity method 

(Osborn, 1980) from profiles of the rate of dissipation of turbulent kinetic energy, ε (m2 s-3), and 

the buoyancy frequency, N2 (s–1), via: 

𝐾𝑧 = Γ
𝜀

𝑁2
   (4.2) 

where Γ represents the constant mixing efficiency, which is regarded to be 0.2 (Osborn, 

1980)debate.  

The vertical variability of microstructure shear was used to estimate the dissipation of 

turbulent kinetic energy, ε, which can be estimated directly from the Microrider microstructure 

package (Yamazaki and Osborn, 1990), via:  

𝜀 =  
15

2
𝜈 (
𝜕𝑢′

𝜕𝑧
)

2̅̅ ̅̅ ̅̅ ̅̅ ̅

   (4.3) 

where 𝜈 is the kinematic viscosity of seawater (m2 s-3), u’ is the fluctuation in turbulent velocity (m 

s-1), and the overbar denotes a spatial average.  
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The buoyancy frequency, 𝑁2, was calculated from temperature and conductivity 

measurements collected by the Microrider microstructure package, and is dependent on vertical 

structure of density (Gill, 1982):  

𝑁2 = − 
𝑔

𝜌
(
𝜕𝜌

𝜕𝑧
)   (4.4) 

where g is gravity (9.81 m s-2) and 𝜌 is density (kg m-3). 

4.2.4 Calculating the ∑NOx flux 

The instantaneous flux of ∑NOx (hereafter defined as f∑NOx; mM m-2
 s-1) into the base of the 

pycnocline was calculated based on the method of Sharples et al. (2007):  

𝑓𝑁𝑂𝑥 = −𝐾𝑧 (
𝛿𝑁𝑂𝑥
𝛿𝑧

)   (4.5) 

where NOx/z is the vertical ∑NOx gradient (mM m-4) from the LoC ∑NOx sensor and Kz is 

calculated from equation 4.2.  

Both gliders were able to accurately collect high resolution profiles of density, along with 

the OMG glider measuring turbulent diffusivity and the LoC glider measuring ∑NOx. The high-

resolution profiles of ∑NOx and density collected by the LoC glider, combined with the 

complimentary CTD-derived data, allowed for sufficient data to generate a linear ∑NOx:density 

regression for the whole deployment at CCS within the SCM. This allowed for 1) an increase in the 

vertical resolution of ∑NOx measurements compared to CTD based methods, and 2) the ∑NOx 

gradient can be applied to the turbulent diffusivity and density measurements taken from the 

same instrument in the same space and time. Both the LoC and OMG gliders were on average ~ 5 

km apart and the ∑NOx:density relationship measured by the LoC glider was applied to the OMG 

density profiles to calculate the ∑NOx gradient needed in equation 4.5. 

Combining a strong linear ∑NOx:density relationship, to profiles of density and dissipation of 

turbulent kinetic energy conducted on the same instrument allows the estimation of f∑NOx into 

the base of the pycnocline to be simplified by combining equations 4.2, 4.3 and 4.4 to: 

𝑓∑𝑁𝑂𝑥 = 𝑚
Γ𝜀𝑝

𝑔
   (4.6) 

where m (mmol m-3 (kg m-3)-1) is the slope of the linear ∑NOx:density relationship (Figure 4.1).  

f∑NOx was calculated at a band 1m above and below the base of the pycnocline which 

coincided with the base of the SCM (Figure 4.2). A small band of 1m above and below the 
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pycnocline was used to estimate f∑NOx, as averaging  over a broader band entrains a 

considerable amount of BML turbulence and selecting a band that include bins beyond the BML is 

contentious for describing the flux of nutrients (or other variable) from the BML into the base of 

the pycnocline, since that mixing acts at the first point of stratification (Palmer, pers. comm.) and 

in addition the nitrate can be taken up by phytoplankton very quickly (Raymont, 1980). 

 Turbulence throughout the water column was highly variable, both temporally and spatially, 

over the course of the deployment (see section 4.2.7), and therefore hourly average profiles of  

were used to calculate f∑NOx. To calculate the average hourly and daily instantaneous f∑NOx 

values into the base of the pycnocline a Gaussian ‘bootstrap’ resampling method (Efron and Gong, 
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1983) with 95% confidence intervals was used from profiles of f∑NOx and ε every ~40 minutes 

(Sharples et al., 2007).  

  

Figure 4.1: The ∑NOx:density relationship from all CTD and first half of LoC glider data (13th to 

20th) within the SCM taken at CCS for the whole July deployment. The slope for all 

the data, m (20.30 mmol m-3 (kg m-3)-1) was used to calculate f∑NOx into the base of 

the pycnocline via equation 4.. 

Figure 4.2: Distribution of all Chl-a measurements during the July deployment from the SOG glider 

in density space (Black circles). The Chl-a profile of red circles denotes the temporal 

average. The green dashed lines mark the SML and BML, with the blue solid lines 

marking the range f∑NOx was calculated from. ∑NOx measurements used to form the 

∑NOx:density relationship were taken between the BML (lower dashed blue line) and 

the top of the SCM (blue dotted line). 
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4.3 Results 

4.3.1 Water column structure/characteristics 

Water column structure was controlled by the variability in temperature rather than 

salinity, with a gradient between the SML and BML of ~0.1 PSU observed (data not shown). At the 

CCS sampling station, during July the water column consisted of two mixed layers separated by a 

well-defined pycnocline with variable temporal characteristics brought about due to the 

deepening and shoaling of the SML, as seen in the temperature data (Figure 4.3a). Average BML 

and SML temperatures were 10.2 ± 0.06°C and 16.3 ± 0.23°C, respectively. The temperature in the 

SML peaked at 17.1°C (2nd of July ) during a period of increased surface temperature (19th to 23rd) 

temporarily causing the SML to become stratified before becoming homogeneous (24th). The 

thickness of the pycnocline remained broad (maximum of 46.6 m, minimum 20 m) during the first 

10 days (14th-23rd July) of the deployment, with an average thickness of 31.4 ± 15.9 m, before 

narrowing in the final days (20.0 ± 5.0 m; Figure 4.3a). The top of the BML was at an average 

depth of 53.2 ± 2.9 m in a water column of ≈140 meters, and did not show variability during spring 

and neap tidal cycles but a clear semi-diurnal tidal signal observed with a regular amplitude of ~13 

meters (Figure 4.5a). The strength of the stratification at the base of the pycnocline, characterised 

by N2, was stable and had increased from the onset of stratification in Spring by 3.9 x 10-5 to 2.5 x 

10-4 (data not shown). This highlights the potential of the strong seasonal stratification separating 

the SML and BML to limit the replenishment of nutrients to the SML.  

The vertical profiles for Chl-a for July 2015 showed the defined structure of a sub-surface 

Chl-a maximum located near the base of the pycnocline at 52 ± 4 m (average density value of 

~1027.9 kg m−3; Figure 4.3b). Chl-a concentrations within the SML and BML were < 0.5 Chl-a mg 

m−3. Depth integrated Chl-a concentrations within the pycnocline ranged from 20 to 50 mg m−2, 

with an average concentration of 2.4 ± 0.9 mg m-3 and a maximum peak of 4.1 mg m-3. At the base 

of the pycnocline, pulses (> 1 mg m-3) of increased Chl-a were observed between the 20th to 23rd 

and from the 27th to the 30th which was the end of the deployment, indicating and increase in 

phytoplankton biomass (Figure 4.3b). Flow Cytometry data (data not shown) show an increase in 

heterotrophic bacteria and nanoplankton abundance (Mayers et al., 2018). Photoinhibition was 

observed within the euphotic zone and assumed to have negligible effect on the SCM as shown by 

the decrease in surface Chl-a concentrations at midday, the average difference in Chl-a 

concentrations was 0.23 mg m-3 between midnight and midday. 

∑NOx concentrations were observed to be below the limit of detection (< 0.02 µM) within 

the SML (Figure 4.3c) while in the BML concentrations were 8.0 ± 0.2 µM and showed little 
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variation over the time of deployment similar to values reported from other studies (Hydes et al., 

2004). The distribution of ∑NOx suggests no significant external inputs from horizontal advection 

over the duration of the deployment or any sedimentary inputs. Mean ∑NOx concentrations 

within the pycnocline were 3.46 ± 1.79 µM indicating that ∑NOx was supplied to the pycnocline 

from the BML. 

 

4.3.2 Physical forcing and water column turbulence 

A number of wind events were observed that were higher than the deployment average, 

causing defined changes in wind stress within the surface boundary (Fig. 4.4). The average wind 

stress was 0.11 ± 0.09 N m-s, with wind direction predominantly from the south west. For the first 

10 days (13th-23rd July) wind stress remained within one standard deviation of the deployment 

mean with a variability of one order of magnitude occurring over <24 hr periods (e.g. 16th of July). 

Between the 24th to the 27th, two periods of rapid increases in wind stress, where 3 times the 

average wind stress was observed and peaked at 0.58 N m-s. The tidal data showed a clear spring-

neap signal, with peak spring tide occurring between the 17th and 18th July 2015 and neap 

between the 25th to 26th July 2015. The horizontal current magnitude peaked at 0.47 m s-1 during 

the peak spring tide period (17-18th July) and 0.53 m s-1 on 30th July at the end of the deployment 

approaching the next peak spring tide period. The tidal range during the spring tide period was 

double that observed during neap (0.1 m s-1) with neap tides peaking at 0.2 m s-1
.
  

Measurements of turbulence are important for determining fluxes of biogeochemical 

parameters in stratified waters by determining what physical parameters are driving turbulence. 

Figure 4.4: Hourly averages of wind stress (N m-2; blue line) and current magnitude (m s-1; 

orange line) corresponding to the gilder deployment period in July 2015. The mean 

wind stress is indicated by a black line and the 1x standard deviation a dotted line. 

Hourly wind direction (degrees from North) is plotted along the top. 
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Within the SML profiles of  were primarily driven by the wind stress, with the highest observed 

rates of  during the whole deployment observed at the surface (>1x10-2.5) which coincided with 

the extended period of increased wind stress (24th to 28th July; Figure 4.4b). Following these 

periods of increased wind stress (Figures 4.4 and 4.5) shoaling of the SML was observed, 

indicating that wind stress controlled the depth and structure of near-surface dissipation. 

Throughout the water column  varied by as much as 5 orders of magnitude with the least active 

area being observed within the pycnocline (1x10-7;  Figure 4.5c), with the higher rates only being 

observed during short-lived turbulence events at the boundaries or sporadic mid-water increases 

(e.g. 20th to 22nd and 26th to 28th). Within the BML,  was dominated by the variability in tidal 

stress, with higher rates seen during the spring tide (1x10-5 to 1x10-3 m2 s-3), with the turbulent 

bottom boundary layer extending to the base of the pycnocline, and lower rates observed during 

the neap tide (1x10-7 to 1x10-5 m2 s-3). At the base of the pycnocline, where turbulence controls 

the flux of nitrate into the SCM, observed hourly averages of  showed a tidal periodicity (Figure 

4.5c), where again  was higher during the spring tide (5.4x10-7 to 5.4x10-5 m2 s-3) and lower 

during the neap tides (3.9x10-7 to 4.1x10-6 m2 s-3) though the rates are highly variable as seen in 

the range of  during both periods. Due to technical issues with the Microstructure profiler during 

the spring tide turbulence was not able to be collected, and therefore a 3-hour window either 

side will be used when referring to the spring tide period. This may result in under-estimates of  

during the spring tide. 
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4.3.3 ∑NOx fluxes 

Hourly time averages of f∑NOx estimated at the base of the pycnocline also exhibited a 

strong spring-neap signal (Figur 4.6). However, superimposed on this spring-neap signal was short 

term variability in the f∑NOx, where the f∑NOx varied by over an order of magnitude (0.3 to 48 

mmol m-2 d-1) over hourly timescales. The deployment average f∑NOx was 4.2 ± 6.7 mmol m-2 d-1 

and with such a high variability it is clear that short term fluxes have large impact on the average. 

The daily mean (with 95% confidence intervals) within the base of the pycnocline was 1.5 (1.3–

1.7) mmol m-2 d-1 during the neap tide and 5.9 (3.6–10.1) mmol m-2 d-1 during the spring tide. 

  

Figure 4.6: Hourly time series of f∑NOx calculated at the base of the pycnocline (solid black line). 

Daily average f∑NOx (solid blue line) with 95 % confidence intervals (dashed blue 

lines). The deployment average (4.03 ± 6.44 mmol m-2 d-1) is denoted by the solid 

red line with the upper limit (+ standard deviation; dashed red line). 
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4.4 Discussion 

4.4.1 Nutrient fluxes across the pycnocline 

Here we report 1226 estimates of f∑NOx calculated from observations of ∑NOx -and 

dissipation of turbulent kinetic energy made every ~ 40 minutes over an 18-day period in July 

2015. The estimated average f∑NOx through the base of the pycnocline into the SCM was 4.2 ± 6.7 

mmol m-2 d-1, with the range reflecting the contribution of several higher f∑NOx pulses to the 

mean (Figure 4.6). Our observations are from a flat seabed therefore the influence of increased 

mixing from turbulence processes affected by topography is limited (e.g. Sharples et al., 2001; 

Tweddle et al., 2012). All previous observations of f∑NOx into the seasonal pycnocline over flat sea 

bed of the North West European shelf were lower (~2 mmol m-2 d-1) and were driven by the 

barotropic tide and near inertial oscillations, and were calculated over time periods < 48 hours 

with < 200 estimates of f∑NOx (e.g. Sharples et al., 2001; Rippeth et al., 2009, Tweddle et al., 2012, 

Williams et al., 2013). Such sampling strategies would likely alias short-term events (e.g. hourly) 

that this study was able to observe. A contrast between spring and neap tides f∑NOx was reported 

by Sharples et al. (2007), at the shelf edge, and by Tweddle et al. (2012), over a bank in the Celtic 

sea, that was driven by an increase in  at the base of pycnocline of ≈2 orders of magnitude 

observed between the two tidal periods. This study also observed such a contrast in , which 

resulted in a higher spring tide estimate of f∑NOx  (5.9 (3.6–10.1) mmol m-2 d-1) compared to the 

estimated neap daily f∑NOx of 1.5 (1.3–1.7) mmol m-2 d-1, which was within the range of previously 

reported average estimates (~2 mmol m-2 d-1). aet al., .effectonpycnocline. As with previous 

studies within the Celtic shelf sea (e.g. Sharples et al., 2001, 2007; Tweddle et al., 2012; Williams 

et al., 2013)  had a first order control on the magnitude of the f∑NOx, with the deployment 

average of  (10-6 m2 s-3) being within the range of previous studies on a flat shelf bed (10-9 to 10-6 

m2 s-3; Sharples et al., 2001; Tweddle et al., 2012; Williams et al., 2013), and below that observed 

on the shelf edge and Georges bank (10-5 to 10-4 m2 s-3; Sharples et al., 2007; Tweddle et al., 

2012). While the average  observed at the pycnocline was comparable to previous studies the 

deployment average f∑NOx (4.2 mmol m-2 d-1) was over double that of previously reported 

background f∑NOx on a flat shelf bed (~2 mmol m-2 d-1) and comparable to more turbulent 

locations such as the shelf edge during a spring tide (3.5 mmol m-2 d-1). Our values are however, 

lower than the f∑NOx estimated during the spring tide on Georges Bank (52 mmol m-2 d-1). The 

higher deployment average reported here could be due to a number of factors. Firstly, by 

increasing the resolution of ∑NOx and the overall time period of observations we account for the 

influence of  variability and higher f∑NOx caused by episodic events to contribute to and increase 
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the estimated mean f∑NOx. The effect of under sampling turbulent events was shown by Sharples 

et al. (2007) where over 25-hour occupation observations of turbulence only took place 38% of 

the time, and as episodic events dominated their daily f∑NOx estimate, and they estimate that 

continuous sampling would have raise the daily averaged spring tide f∑NOx from 3 to 

approximately 9 mmol m-2 d-1. Secondly, for the first time this deployment was able to capture 

more than just a single tidal cycle, our estimates also account for the transition between neap and 

spring tides. During the 17-day deployment over 72% of the daily estimates of f∑NOx was > 2 

mmol m-2 d-1 with sharp increases in f∑NOx during the days either side of the neap tide period 

(e.g. 21st to 22nd, 23rd to 25th and 29th to 31st). By including these observed f∑NOx (Figure 4.6) the 

average was more indicative of the full variability of the turbulent field affecting the production of 

fluxes at the pycnocline and therefore a better representation of the average f∑NOx into the base 

of the SCM. 

Higher f∑NOx estimates have previously been reported that are orders of magnitude higher 

than the background flux (1–2 mmol m-2 d-1) in physically dynamic regions (e.g. Shelf edge and 

banks), where  at the base of the pycnocline was between 10-5 to 10-4 m2 s-3 (e.g. Sharples et al., 

2007). Comparable higher f∑NOx were observed in this study and ranged between 15-50 mmol m-

2 d-1 and occurred during periods of high current magnitude (> 0.3 m s-1), and where  at the base 

of the pycnocline was >10-5 m2 s-3. For instance, f∑NOx up to 52 mmol m-2 d-1 were reported by 

Tweddle et al. (2013) during the spring tide over Jones bank within the Celtic Sea and were forced 

by locally generated lee waves and internal mixing over the topographical features. Tweddle et al. 

(2013) suggested that without episodic mixing events, where  was >10-5 m2 s-3
, the daily supply of 

NO3
- over the bank at spring tide would not be significantly different to the reported f∑NOx over 

flat regions in the Celtic Shelf sea. Sharples et al. (2007) and Horne et al. (1996) report f∑NOx of 1 

to 11 mmol m-2 d-1 due to internal tides at the shelf edge and spring-neap adjustments at tidal 

mixing fronts on Georges Bank in the Celtic Sea. Interestingly our higher estimates are from a flat 

sea bed indicating the dynamic nature of f∑NOx across the pycnocline. This is certainly also the 

case with this study, if f∑NOx estimates greater than 1 standard deviation above the deployment 

mean (>10.9 mmol m-2 d-1) are not included, then the estimated deployment average f∑NOx 

decreases from 4.2 mmol m-2 d-1 to 2.7 mmol m-2 d-1 (median 1.7 mmol m-2 d-1) indicating the 

importance of short-term mixing events in sustaining elevated f∑NOx above background levels.  

4.4.2 Influence of nitrate fluxes on primary production 

Hickman et al. (2012) reported that irradiance within the SCM was ~5% of surface values, 

and therefore rates of new production could be limited due to both light and nitrate. If the 

amount of nitrate supplied to the SCM was surplus to that required by the light-limited rates of 
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primary production, the nitrate would be available to be utilised in the following days. This 

mechanism was observed by Sharples et al. (2007), where excess nitrate during spring was 

available for the following days, and the maximum Chl-a concentrations occurred ~3.5 days after 

maximum nitrate fluxes were observed. This mechanism could explain the significant increase in 

Chl-a (peaking at 4.1 mg m-3) observed during this deployment from the 20th to 23rd of July (Figure 

4.3b). The increase in PAR (% 62; data not shown from CEFAS SmartBouy) coincides with this 

increase in Chl-a and suggests that previously, primary production was light-limited and unable to 

utilise the available nutrients fluxed up through the pycnocline into the SCM 3-4 days earlier 

during the spring tide period. 

Within the SML and top of the pycnocline (Figure 4.3c) ∑NOx was undetectable which 

suggests all ∑NOx, and additional pulses of ∑NOx from the BML, is utilised by the phytoplankton 

community within the SCM for new production, and so estimating of the rate of carbon fixation 

supported based on these f∑NOx estimates can be achieved. To estimate the rate of carbon 

fixation supported by the flux of ∑NOx to the base of the pycnocline requires a knowledge of the 

elemental stoichiometry of primary producers. The Redfield ratio suggests that the typical carbon 

(C) to nitrogen (N) ratio in phytoplankton is ≈6.6 mol:mol (Redfield, 1958). This has been reported 

to vary due to the different cellular quotas of different species and responses to changes in 

concentration within the water column but average values remain between 6.6 to 7.3 mol:mol 

(Redfield, Ketchum and Richards, 1963; Geider and La Roche, 2002; Ho et al., 2003). However, 

Humphreys et al. (in press) reported that production of organic matter at CCS was C-rich, with the 

C:N ranging from 9 to 10 mol:mol. Using the average f∑NOx into the base of the pycnocline 

reported in this study (4.2 mmol m-2 d-1 ) and a C:N ratio of 9.5 mol:mol (mean observed by 

Humphreys et al. (in press)), 479 mg C m-2 d-1 (332 mg C m-2 d-1 where Redfield C:N = 6.6 is used) 

of new production would be able to be supported, Higher estimates during spring tides result in 

~675  mg C m-2 d-1 (450 mg C m-2 d-1 where C:N = 6.6), and lower estimates during neaps ~171 mg 

C m-2 d-1 (125 mg C m-2 d-1 where C:N = 6.6) were observed using the average f∑NOx  during neap 

(1.5 mmol m-2 d-1 ) and spring (5.9 mmol m-2 d-1 ) tides. These new production estimates are 

comparable to previously reported estimates of new primary production (Carbon-14 

methodology) in the seasonally stratified region of the Celtic Sea, where daily rates of 100 to 600 

mg C m−2 d−1 in the summer months have been reported (Holligan et al., 1984; Joint, Owens and 

Pomeroy, 1986; Hickman et al., 2012). As part of the SSB program, Poulton et al. (2018) reported 

net primary production (NPP) rates (integrated within the euphotic zone using 14C measurements) 

at CCS during this study (July 2015) ranged between 228.6 to 702.6 mg C m−2 d−1 with an average 

rate of 425.2 mg C m−2 d−1. The average is very similar to that reported here calculate from f∑NOx 
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(479 mg C m−2 d−1) indicating that flux of nitrate across the pycnocline is fully utilised by 

phytoplankton and needed to support their carbon fixation. 

Assuming a summer stratified period of 120 days, the new production estimates presented 

here for July (2015) have been extrapolated to estimate the potential total summer new 

production in the SCM. The estimates of new production (479 mg C m-2 d-1) supported by the 

estimated deployment average f∑NOx, with the neap and spring estimates of f∑NOx being the 

lower and upper limits of the envelope, would result in 58 (21-80) g C m-2 of potential new 

production in the SCM over a summer period. The spring bloom has been estimated to contribute 

~19 g C m-2 of new production annually (Joint et al., 2001; Hickman et al., 2012), therefore the 

SCM could contribute up to ~75 (52-80) % of spring-summer potential new production. While the 

lower estimate (52%) is comparable to the estimate reported in Hickman et al. (2012), more than 

likely due to the fact it is based on a neap f∑NOx similar to those previously reported (1-2 mmol m-

2 d-1), the higher upper estimate (80%) is significantly higher. This higher estimate could be due to 

the higher f∑NOx reported in this study compared to the lower f∑NOx estimates used in Hickman et 

al. (2012) and also due to the higher C:N ratio used 9.5 is this study which would decrease SCM 

contribute of spring-summer potential new production to ~66 (44-74) %. This contribution is 

higher than estimates for the SCM in the North Sea ranging between 37% and 66% ((Richardson et 

al., 2000; Weston et al., 2005). Assuming that this estimate of contribution to new production 

over the summer growth period is representative of flat sea bed region, this produces an estimate 

of possible total new production of 6.42x1012 (2.54-9.07x1012) g C over the summer period over 

the entire Celtic Sea (total area estimated to be ~167,300 km2; Tweddle et al. (2007)). Moreover, 

this estimate does not consider the contribution of enhanced f∑NOx due to topographic features, 

such as 1.6x1011 g C of new production over banks and 1.9x1012 g C of new production from the 

shelf edge (e.g. Sharples et al., 2001; Tweddle et al., 2007). 

4.5 Conclusions 

Temperate shelf systems makes up 30% of the total continental shelf area of 24.7 x 106 km2, 

with the mid to outer shelf waters being specifically shown to be key sinks of increasing 

atmospheric CO2 (Cai, Dai and Wang, 2006; Laruelle et al., 2010), and also play a significant part in 

the ability of the global continental shelves to contribute 10–30% of global marine primary 

production and estimated supply of up to 50% of the organic carbon to the deep open ocean to 

be locked away from the euphotic zone (Jahnke, 2010; Liu et al., 2010). Determining the amount 

of new production, and thus carbon fixation, supported by the f∑NOx from the BML is crucial for 

understanding the role shelf sea biogeochemistry plays in the global carbon sequestration via 
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mechanisms such as the ‘continental shelf pump’ (Tsunogai et al., 1999). The contribution of new 

production estimated in this study supported by the f∑NOx into the SCM reported in this study (58 

(21-80) g C m-2) could support all of the estimate annual new production of 81.8 g C m-2 in the 

Celtic sea reported by Joint et al. (2001) just in the SCM during the summer period (120 days). If 

this under-estimation of the contribution of the summer SCM to the annual new production 

shown here in the Celtic shelf sea is indicative in all other continental shelf seas of the Northern 

Hemisphere, then their estimated ability to be net sinks of CO2 (−0.24 Pg C yr−1; Laruelle et al., 

2010) could be underestimated. 
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Chapter 5: Estimating particulate organic carbon and 

phytoplankton carbon biomass using bio-optical 

sensors from glider observations in a seasonal shelf 

sea 

5.1 Introduction 

The optical characteristics of open ocean waters are dominated by phytoplankton 

components and their covariant by-products (e.g. degradation products), resulting in a relatively 

simple optical signature when compared to coastal waters (Loisel et al., 2013). Coastal waters, 

however, also include groups of substances defined as coloured dissolved organic matter (CDOM) 

and mineral particles, with the latter shown to dominate the optical signature in many cases 

(Loisel et al., 2007; Souza, Holt and Proctor, 2007). Shelf sea regions are shallow and tidally active, 

and the penetration of light can be strongly attenuated by particulate and dissolved organic 

matter that originates from rivers, or is re-suspended from the seabed (Babin et al., 2003), 

complicating the observation of bio-optical parameters (e.g. fluorescence, scatter and 

absorbance) by either remote or in situ observations. These bio-optical parameters have been 

observed to have a relationship with variables such as chlorophyll-a (Chl-a), Particulate Organic 

Carbon (POC) and phytoplankton carbon biomass estimates (Cphyto), and are therefore used as 

proxies for these (McClain, 2009; Sathyendranath et al., 2009). These relationships have been 

applied to surface data collected by satellites and shown to hold, to an extent, in a variety of 

water/environmental characteristics (Loisel et al., 2002; Behrenfeld et al., 2005; Evers-King et al., 

2017). 

Shelf seas are dynamic and highly productive regions that are reported to generate 15 – 

30 % of total oceanic primary production (Wollast, 1998; Simpson and Sharples, 2012). This 

therefore makes these regions globally significant for the fixing and sequestering of atmospheric 

carbon. Shelf seas are seasonally stratified from spring throughout summer, with a sub-surface 

chlorophyll maximum (SCM) forming at the base of the pycnocline (Simpson and Sharples, 2012). 

Phenomena such as the SCM are under-sampled, not only by satellites, but by traditional ship-

based platforms as well. Through the use of increased sampling, studies reported ∑NOx fluxes 
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twice that of previous observations, estimating the potential of the summer SCM to supply a 

significant proportion of the annual new production (Chapter 4: Vincent et al., 2018). 

The ability to observe the dynamics and spatial heterogeneity of phytoplankton biomass 

and associated carbon parameters (e.g. POC and Cphyto) at relevant temporal and spatial scales is 

vital to improving our understanding of the biogeochemical role of phytoplankton in the carbon 

cycle in open ocean waters, but also in complex productive regions such as the shelf seas, where 

processes known as the ‘biological pump’ and ‘continental shelf pump’ are globally important 

(Tsunogai et al., 1999; Thomas et al., 2004; Legendre et al., 2015). To increase the spatial and 

temporal coverage of observations and combat the general under-sampling of phytoplankton 

biomass and associated carbon parameters, bio-optical sensors have been increasingly used on in 

situ platforms and AUVs (Johnson et al., 2009; Claustre et al., 2010). Similar to how in situ 

measurements (from fixed observatories or cruises) are used for the calibration and ‘quality 

control’ of remotely sensed data, autonomous underwater vehicle platforms (e.g. Bio-optical 

ARGO floats and autonomous underwater gliders) can be used for such a purpose, providing high 

resolution datasets within spatial and temporal domains that traditional observational 

methodology is unable to attain (Testor et al., 2010; Wojtasiewicz et al., 2018). There is a need to 

better understand the capabilities of bio-optical observations from gliders within optically 

complex shelf seas (case 2 waters) to not only increase our bio-optical observations and validate 

and calibrate methodology honed within case 1 waters, but also to be able to reliably observe and 

predict the role of shelf seas in the global carbon cycle (Bauer et al., 2013; Loisel et al., 2013; 

Laliberté et al., 2018). 

This study applied the established bio-optical satellite remote sensing methodology used to 

estimate POC and Cphyto, which are usually used in studies in the open ocean (case 1 waters), to a 

dynamic shelf environment (case 2 waters) using optical sensors deployed on a Seaglider. Over 

two month-long deployments during the two key periods in a seasonal shelf sea, the spring bloom 

and summer SCM, a comparison was made between periodic discrete seawater samples 

measuring POC and of Cphyto and estimates of POC and Cphyto derived using empirical relationships 

between bio-optical parameters observed from optical instruments deployed on a Seaglider. 
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5.2 Methods 

The data presented in this chapter is obtained from the fluorescence and backscatter 

observations from an Environmental Characterisation Optics (ECO) puck (BBFL2VMT; WetLabs, 

USA; hereafter referred to as ECOp) deployed on an autonomous Seaglider (Kongsberg). The 

Seaglider was deployed at the Central Celtic Sea site (CCS; Figure 2.1) between the 4th to 25th of 

April 2015 and 13th to 30th of July 2015, collecting 1547 and 1128 profiles, respectively, to a depth 

of ~ 120 meters along a saw-tooth trajectory at typical vertical speeds of 0.1 m s−1 (Rudnick et al., 

2004). In addition to the ECOp, a Conductivity and Temperature sail (Seabird Electronics, USA) 

measuring conductivity (salinity), temperature, pressure, and a Lab-on-Chip sensor measuring 

nitrite + nitrate (defined as ∑NOx; National Oceanographic Centre, UK) were also deployed on the 

Seaglider, making co-located observations. Further details on the processing, quality control and 

calibration of the physical (e.g. conductivity and temperature) and ∑NOx have been described in 

detail in chapters two and three of this thesis.  

5.2.1 Data from RSS Discovery at CCS 

In addition to the measurements from the Seaglider, water column profiles and discrete 

samples were collected using both a stainless-steel and titanium frame rosette system. On each 

rosette a Conductivity, Temperature and Depth package was mounted, consisting of a CTD 

(Seabird 911+), backscattering meter (ECO BB, WetLabs, USA), and fluorimeter (Chelsea 

Technologies Group, Aquatracka MKIII), which were deployed from the R.S.S. Discovery during 

April and July (2015) at CCS. Discrete seawater samples were collected for Chl-a, POC and 

phytoplankton biomass. The GO-SHIP sampling and handling procedures were used for all discrete 

seawater sampling (Hydes et al., 2010). Salinity (calculated from conductivity and temperature) 

and Chl-a (fluorescence, emissions wavelength at 682 nm) measurements obtained from CTD 

casts were calibrated daily on-board using discrete seawater samples. Salinity samples were 

analysed on an Autosal 8400B salinometer (Guildline). Chl-a samples were filtered through 0.7 μm 

glass microfiber filters (Whatman GF/F) and extracted in 90 % acetone overnight, before being 

measured on a pre-calibrated (spinach chlorophyll-a standard, Sigma) fluorimeter (Turner Design 

Trilogy; Holm-Hansen et al. 1965). All CTD profile data was supplied by the British Oceanographic 

Data Centre (www.bodc.ac.uk). 

Discrete seawater samples for phytoplankton biomass (Cphyto) estimates were taken during 

casts undertaken during pre-dawn (02:00-06:00) at six light depths (60, 40, 20, 10, 5 and 1 %) at 

CCS. It was assumed that the base of the SML was at or close to the depth of the euphotic zone 
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(i.e. 1 % of surface irradiance) for April (2015). In July (2015) the SCM occurred at or close to a 

depth of 5 % surface irradiance. These measurements from the six light depths were then 

integrated to calculate the inventories for the euphotic zone (Humphreys et al., 2018). Cphyto was 

estimated using the method reported in Poulton et al. (2018), whereby cell abundances for the 

major phytoplankton groups were analysed using flow cytometry and light microscopy according 

to Tarran, Heywood and Zubkov (2006) and (Widdicombe, Eloire and Harbour, 2010), respectively. 

Cell abundances from flow cytometer counts were converted to biomass using literature values 

(Tarran, Heywood and Zubkov, 2006) and cellular biomass for light microscope counted taxa were 

estimated from cell dimensions following (Kovala, 1966) on an individual species basis. 

For POC analysis, discrete seawater samples were collected from 6 to 8 depths (5 casts in 

April and 4 casts in July 2015). The volume of water filtered onto a 0.7 µm filter (Whatman GF/F, 

pre-combusted for 4 hours at 450 °C) was measured. Filters were then frozen at -20 oC before 

laboratory analysis at the University of Liverpool undertaken by Dr Clare Davis (Davis et al., 2018). 

Samples were analysed in duplicate after vapour phase decarbonation using a Carlo Erba 

Instruments NC2500 elemental analyser (Yamamuro and Kayanne, 1995). A two-point calibration 

was performed using High Organic Sediment Standard OAS (Elemental Microanalysis Ltd, NIST 

certified values), which were then analysed twice as an unknown during the run. The results were 

always within the uncertainty limits of the certified value which are 7.17 ± 0.09 % carbon with 

detection limits of 100 ppm (Davis et al., 2018). 

5.2.2 Fluorescence processing 

Chl-a fluorescence (a proxy for phytoplankton concentration) was observed at 

excited/emissions wavelengths at 470/685 nm. The raw counts (rawCounts) from the ECOp from 

the Seaglider were converted to a concentration of Chl-a (mg m-3) following: 

𝐶ℎ𝑙𝑎 =  (𝑟𝑎𝑤𝐶𝑜𝑢𝑛𝑡𝑠 − 𝑑𝑎𝑟𝑘𝑐𝑜𝑢𝑛𝑡𝑠) ∗ 𝑠𝑐𝑎𝑙𝑖𝑛𝑔𝐹𝑎𝑐𝑡𝑜𝑟   (5.1) 

 Where the darkCount value used was 48 and the scalingFactor values were 0.0122 for Chl-

a. Initial calibration of the tested fluorescence sensors were performed by the manufacturer, 

using a Thalassiosira weissflogii standard for chlorophyll-a fluorescence (WetLabs, 2017). The 

measurement range and sensitivity for Chl-a were 0-30 (mg m-3) and 0.015 (mg m-3) respectively. 

Further details on the processing of Chl-a data and quality control can be found in Chapter 2 of 

this thesis. A visual comparison between calibrated Chl-a profiles from the Seaglider and 

calibrated CTD bottle-samples was done to facilitate quality control. Profiles of Chl-a were 

compared and showed no large systematic variation between the datasets; the small-scale 

variability between Seaglider and calibrated CTD collected data was likely due to the variation 
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between the datasets as a product of a greater number of Seaglider profiles (CTD profiles = <25, 

Seaglider profiles = >1100), lateral distance and the period of time between compared profiles. 

5.2.3 Particle backscattering processing 

The backscattering coefficient, bb(), is related to light scattered from a beam in the 

backward direction and is directly related to the concentration and size of particles, but also to 

their composition (i.e. organic vs inorganic). The particulate backscattering coefficient, bbp(), 

assumes DOM has a negligible effect on scattering and is derived by subtracting the scattering by 

pure water, bw(), from bbp() (Zhang, Hu and He, 2009). 

The ECOp (Seaglider) and ECO BB (CTD) sensor provides counts of VSF, (,), with units of 

m-1, where  was 124° and 117°, respectively, and  was 650 nm. Initially values were checked to 

be in the threshold of the range of the ECOp sensor (range of 0-5 (m-1)) and spikes from raw 

counts were separated using a 5 and 7 point running median filter according to protocols detailed 

in Briggs et al. (2011). From the CTD bottles files, values of backscatter coefficient (bb; m-1) were 

used. Following the procedure established by Schmechtig et al. (2018) and Thomalla et al. (2017), 

the particulate backscattering coefficient, bbp() with the units of m-1, was calculated following 

Boss and Pegau (2001): 

bbp() = 2𝜋𝜒[(𝑟𝑎𝑤𝐶𝑜𝑢𝑛𝑡𝑠 − 𝑑𝑎𝑟𝑘𝐶𝑜𝑢𝑛𝑡𝑠) ∗ 𝑠𝑐𝑎𝑙𝑖𝑛𝑔𝐹𝑎𝑐𝑡𝑜𝑟 − 𝛽𝑠𝑤(650)]   (5.1) 

Where  is a conversion factor 1.076 (Schmechtic et al., 2015; Sullivan et al., 2013), 

rawCounts are the raw output counts, darkCounts were 47 and 0.061 for the ECOp and ECO BB, 

respectively, which are the factory measured signal output of the backscattering meter in clean 

water with black tape over the detector. ScaleFactor were 3.941e-6 and 2.365e-3 in (m-1)/counts-1 

for the ECOp and ECO BB, respectively. sw(650) is the contribution to the VSF by pure seawater at 

a wavelength of 650 nm, which depends on temperature and salinity, and was estimated from 

MATLAB code written by Zhang, Hu and He (2009).  

5.3 Results and Discussion 

5.3.1  General Hydrography and Chl-a 

The water column structure at CCS during both the Spring (April) and Summer (July) 2015 

deployments has been extensively discussed in chapters 3 and 4 of this thesis, respectively. To 

summarize, during April the water column went from being fully mixed to stratified over ~21 days 
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as an increase in solar heating overcame the destabilising mixing energy from tidal and wind 

inputs leading to the water column becoming stratified (Simpson and Sharples, 2012; Figure 5.1a). 

At the beginning of the April deployment surface Chl-a concentrations were 1.68 mg m-3 and, as 

the water column became stratified, a strong thermocline formed defining a SML. Phytoplankton 

were now confined within the SML, where both PAR and nutrient availability were high, leading to 

the onset of the spring bloom (Pingree et al., 1976; Hopkins et al., in prep; Figure 5.1c). The bloom 

had a distinct peak in Chl-a of (> 8 mg m-3) on the 17th of April 2015 and resulted in the drawdown 

of ∑NOx (Vincent et al., 2018) concentration within the SML to below the limit of detection 

(Birchill et al., 2017). Euphotic zone inventories of Chl-a ranged between 49.6–152.6 mg m−2, 

peaking during the middle of the deployment. The drawdown of ∑NOx limited phytoplankton 

growth, forming a warm buoyant nutrient-deplete SML separated from the cooler nutrient-

replete BML by a thermocline (Figure 3.4b). By the summer, the contrast between these layers 

had increased, with a strongly defined thermocline with nutrients below the limit of detection 

with the SML (Figure 4.4). A sub-surface chlorophyll maximum (SCM) had formed at the base of 

the pycnocline (figure 5.2c), located within the water column between 30-60 m with an average 

Chl-a concentration of 2.4 ± 0.9 mg m-3 and a maximum peak of 4.1 mg m-3. Concentrations within 

the surface and bottom mixed layers were < 0.5 Chl-a mg m-3 due to being light or nutrient limited 

(Simpson and Sharples, 2012). Euphotic zone inventories of Chl-a were lower during summer 

when the SCM was present and ranged from 22.1 to 38.9 mg m−2.5.1of chlorophyll a 
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5.3.2 Particulate backscatter and POC 

During both the spring and summer deployments, a vertical bbp gradient was observed with 

a stark contrast between the mixed layers, where bbp values within the BML were either 2-fold or 

3-fold higher (e.g. 20th of April, 20th of July) than the values seen in the SML. bbp values in spring 

were higher for both the SML (0.001 - 0.007 m-1) and BML (0.005-0.016) than during the summer 

(0.001-0.003 and 0.004-0.007 m-1 for SML and BML, respectively; Figures 5.1b and 5.2b). Within 

the BML during deployments a semi-diurnal and spring-neap signal was also observed (Figure 5.1b 

& 5.2b) with higher bbp values (~ double), corresponding to times of higher turbulence observed 

during the spring tide periods (Figure 4.5b for July; April data not shown). 

There was a strong positive relationship between Chl-a:bbp in April within the SML (r2 = 

0.62, n = 15866; Figure 5.3a; Observed from the Seaglider). As the on-set of the spring bloom 

progressed, an increase was observed in both Chl-a and bbp values, with a maxima observed 

during the peak of the bloom (Figure 5.1c; ~17th April). A tighter fit to the regression line was 

observed during the peak spring bloom period, with subsequent periods each side of the bloom 

showing a decrease in both Chl-a and bbp and more variation away from the regression line. In July 

however, there was only a weak positive correlation between bbp values and Chl-a (r2 = 0.27, n = 

9138; Figure 5.4b) suggesting a decoupling between Chl-a and bbp.  

POC concentrations within the euphotic zone were shown to be 7 times higher in April 

(maxima of 28 µM) than during winter (4.1 µM; Davis et al. 2018), and 3.5 times higher than in 

July (8 µM). During April, POC increased by a factor of 4 from the beginning of the cruise (4th 

April), to midway through (15th April), where it reached its maxima value observed from discrete 

samples. Euphotic zone inventories of POC showed higher concentrations in April (5059 (3126-

6511) mg m-2), compared to the lower concentrations observed in July (3739 (3243-4576) mg m-2; 

Davis et al. 2018). Fluorescence data from the glider, however, clearly shows that the peak of the 

bloom was on the 17th April (Figure 5.1c), when no discrete POC samples were taken. Using 

derived POC concentrations from this period, a maxima of 6645.6 (6346-6852) mg m-2 was 

determined with a maxima Chl-a euphotic zone inventory of 136.8 (128.8-142.5) mg m-2. In the 

summer (July 2015), when the SCM was established, little variation in the discrete seawater POC 

concentrations was observed, where concentrations ranged from 6.11 to 8.19 µM (Figure 5.4). 

BML (> 60 m) POC concentrations during both April and July 2015 remained relatively stable, 

ranging from 3.14 to 5.19 (µM) and 2.83 to 4.81 (µM), respectively. During both time periods the 

water column POC concentrations were observed to be related to the regions of higher Chl-a, and 

thus primary production, with higher POC concentrations observed in April (Figure 5.4a) within 
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the SML (0 to 25 m), as the on-set of the spring bloom progressed (Figure 5.1c), and in July (Figure 

5.4b), within the thermocline (30 to 50 m) where the SCM was located (Figure 5.2c). For both time 

periods there was no relationship between discrete seawater POC concentrations and their 

respective bbp values from the glider (Figures 5.5). However, there was a strong correlation 

between POC concentrations and Chl-a (r2= 0.79; p < 0.001) during April (Figure 5.6), which was 

also seen during the Autumn bloom (Davies et al., 2019). This correlation was, however, weaker in 

July, with lower Chl-a and bbp values (Figure 5.7) due to decoupling between POC and Chl-a in the 

SCM (p=0.008).  
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Figure 5.3: Particulate backscattering coefficient (650 nm; m-1) as a function of chlorophyll-a (mg 

m-3) with the colour bar denoting time (datenumber). (a) Observations from the SML 

during the spring bloom (April 2015). (b) Observations from the thermocline during 

the summer bloom (July 2015). 

Figure 5.4: POC (µM) profiles measured from discrete CTD sampling at CCS during, (a) the spring 

(April 2015), and (b), the summer (July 2015) deployments. 
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5.3.3 Deriving POC from bbp and Chl-a 

In the open ocean, bbp generally covaries with POC, and is therefore used as a proxy 

(Stramski et al., 1999; Loisel et al., 2002; Bishop and Wood, 2009). While this relationship holds 

true across different oceanic regions, changes in the nature (composition and size) of the particle 

assemblage may cause large variability in the bbp signal and, therefore, in the POC:bbp relationship 

(Gardner, Mishonov and Richardson, 2006; Stramski et al., 2008; Bishop and Wood, 2009). 

Previous (Behrenfeld et al., 2005; Evers-King et al., 2017) have used this POC:bbp relationship 

calculated from discrete samples to enable POC estimates from a glider, whereby the backscatter 

observations made by both the glider and CTD used the same wavelength of 650 nm. As there 

was no relationship between discrete samples of POC and their respective bbp measurements in 

this study, such a methodology could not be used (Figures 5.6). This study did, however, observe a 

strong correlation between POC and Chl-a concentrations (Figure 5.6). While the July data 

showed a poor r2 (r2 = 0.26) compared to the April data set (r2 = 0.84), the full data set was 

combined to calculate the POC:Chl-a relationship During the April sprint bloom r2= 0.79; p < 

0.001), and, by using the POC:Chl-a relationship, estimates of POC concentrations were derived 

from glider bio-optical data (e.g. fluorescence).  

Shelf seas are dynamic regions with regards to phytoplankton biomass, nutrient availability, 

irradiance and temperature (Simpson and Sharples, 2012), which can all affect the Chl-a:POC 

relationship. However, when using large datasets from multiple oceanographic regimes the large 

range in Chl-a and POC concentrations observed indicate a robust relationship between these 

parameters, regardless of the environmental difference that (e.g. contrasting locations, nutrients 

and irradiance; Eppley et al., 1977). Legendre and Michaud (1999) notes that although the linear 

relationship was robust, it may not hold in extreme environments (e.g. areas with large 

continental organic inputs or polar seas during the winter night months). Although in this study no 

relationship between POC:bbp was observed, a very clear relationship between Chl-a:POC was 

seen, enabling the estimation of POC from the fluorescence sensor on the glider.  
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Figure 5.5: POC (µM) as a function of bb (m-1) measured from discrete CTD sampling and CTD 

casts within the SML at CCS during the spring (April 2015; orange dots) and summer 

(July 2015; blue dots) deployments. 

Figure 5.6: POC (mg m-3) as a function of Chl-a (mg m-3) measured from discrete CTD sampling at 

CCS during the spring (red; 4th to 25th April 2015) and summer (blue; 13th to 30th 

July 2015) deployments. The equation of the linear fit, r2 black line is from the 

combination of both cruise data. 
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5.3.4 Phytoplankton carbon biomass 

As with inventories of euphotic zone-integrated Chl-a and POC from discrete samples, CTD 

derived euphotic zone inventories of Cphyto (Table 5.3)showed a clear seasonal progression, with 

higher Cphyto values in April (180 (153-247) mmol C m-2) than July (110 (79-200) mmol C m-2; Table 

5.1, Poulton et al., 2018). As this study used Chl-a to derive POC, from which Cphyto is then 

estimated, it is vital to compare observations collected from different platforms (e.g. discrete 

seawater samples and bio-optical sensors on the glider) and those estimated using different 

techniques (e.g. cell counts with pmol C averages and fluorescence data established using 

empirical relationships). When euphotic zone inventories of Chl-a, estimated from both discrete 

samples and glider measurements, were compared (Table 5.1), these were comparable during 

both deployments, with the exception of two outliers in April 15th and 25th April (2015). The 

variation observed between the two methods used to calculate Cphyto could likely be due to the 

natural variation between the two local water masses sampled by each platform method (note: 

glider was within 3.2 ± 5.4 km of CTD deployment) and/or the contribution of each individual 

measurement within a profile used in the calculation of the integration. Higher estimates of the 

euphotic zone Chl-a inventories were reported during the 15th and 25th April 2015 deployment 

from discrete water samples (Table 5.1; Poulton et al., 2018), which were close to double those 

obtained from the glider during this time period. However, these higher inventories are similar to 

the Chl-a inventory from the glider during the peak of the bloom (17th April: 136.8 (128.8-142.5) 

mg m-2; Figure 5.1c). While variation can be seen between the two methods, in general all glider 

observations and euphotic inventories during these periods were comparable. Taking the three 

Chl-a profiles from the glider closest in time to both the CTD profiles in question (15th & 25th April 

2015), no variations in average Chl-a inventories from within the euphotic zone (3.1 ± 1.4 mg m-3 

and 1.4 ± 0.7 mg m-3) were observed. Moreover, using all the available glider profiles on the 2 

days in question during the ‘pre-dawn’ time period (n=14 on 15th April and n=12 on the 25th April) 

the Chl-a inventories were similar to the three profiles closest in time to the CTD deployment 

within the 95 % confidence level (Table 5.1). 

It is possible a single discrete sample (6 discrete samples were taken per cast) could have 

increased the euphotic zone inventory of Chl-a. In addition, the mean estimated Chl-a inventory 

from the glider incorporates more observations per cast (n = ~38) and more profiles within the 

‘pre-dawn’ sampling window than discrete samples from one CTD cast used by Poulton et al. 

(2018; 02:00 – 06:00). Moreover, during this time period, the glider is observing not a single point 

but a wider spatial area (see Figure 2.1 for full glider deployment locations). Therefore, it can be 

argued the gilder data could be more representative of the water column and the spatial 

patchiness often seen with phytoplankton communities (1 to 10 km; Sharples et al., 2001). 
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ThereforeCare must be taken when comparing (or to an extent calibrating) a derived value (e.g. 

POC) calculated from a relationship (e.g. POC:Chl-a) from high resolution glider data (increase in 

vertical and temporal resolution) to a single cast of limited discrete samples.  

To derive Cphyto from the calculated POC concentrations, this study used two methods 

reported in the literature (Behrenfeld et al. 2005; Sathendranath et al., 2009). reported yThe  

consideredbbp) canused in this study using  platform to greatly increase our observational capacity 

and provide first order 

It must be noted that the processes used in the estimation of Cphyto was done using a two-

step process (e.g. bbp/Chl-a -> POC -> Cphyto), similar to other reported methods (e.g. Thomalla et 

al., 2017), and therefore any uncertainty at each stage will propagate through the calculations. 

The firstly methodology used is based on a study by Behrenfeld et al. (2005), who summarized 

ranges of field-based Cphyto:POC ratios from different studies (e.g. Eppley, Chavez and Barber, 

1992; Durand, Olson and Chisholm, 2001; Gundersen et al., 2001; Oubelkheir, 2001) in a range of 

oceanic regions (e.g. oligotrophic to eutrophic) to obtain an average phytoplankton contribution 

to total POC of ∼30 % (reported percentages ranged from 19 % to 49 %). Studies suggest that 

over seasonal cycles (Durand, Olson and Chisholm, 2001) and across oligotrophic to eutrophic 

conditions (Oubelkheir, 2001) phytoplankton contribute a relatively consistent fraction to POC. 

When applied to this study (30 % POC represents average phytoplankton contribution), estimates 

of euphotic zone inventories of Cphyto from glider observations were half that of estimates 

obtained from discrete samples (Table 5.1). While the derived POC estimates are within the same 

order of magnitude, using an literature based average (30 %) from different regions shows it is 

vital to consider the local characteristics. During both deployments the average phytoplankton 

contribution to total POC was 48 ± 12 % and 37 ± 13 % for April and July, respectively (calculated 

using the Cphyto from discrete water samples and POC). While these estimates are within the range 

reported by Behrenfeld et al. (2005), using the April and July average (48 ± 12 % and 37 ± 13 % 

respectively) an improvement in the comparability to discrete samples was observed (Table 5.1). 

The second methodology used in this study was reported by Sathendranath et al. (2009), who 

suggested that any observation of POC could be partitioned into living organic carbon (e.g. 

phytoplankton) and a residual (heterotrophs and various detritus), and that an increase in the 

residual components would increase the total POC without increasing Chl-a. Therefore, at any 

observed Chl-a concentration, the lowest POC concentration observed represents the Cphyto 

associated with that Chl-a concentration. This relationship can be found using quantile regression 

(Koenker and Bassett, 1978). To find the regression for the lowest quantile consistent with the 

criterion of robustness, Rogers (1992) advises that the minimum quantile, q, should satisfy the 
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condition q > 5/n, where n is the total number of observations, therefore a 10th percentile was 

used (q = 0.1) whereby the line lies below 90 % of the observations. When (POC = 15.5108Chl-a + 

108.8269), based on the Sathendranath et al. (2009) methodology, applied to this study, 

estimates of euphotic zone inventories of Cphyto from glider observations were shown to be bot 

comparable to discrete samples (r2 = 0.47). This could be due to the fact that this methodology 

considers the local variability that a single average estimate could not, and that the lowest POC 

concentration observed represents the Cphyto associated, and therefore dampens the effect of 

higher POC concentrations caused by an increase in the residual components (e.g. heterotrophs 

and various detritus). 5.2of Particulate Organic Carbon 

5.3of 

 

5.4 Conclusions 

Primary production within seasonal shelf seas, is controlled by water column structure and 

the availability of nutrients and light, and these characteristics vary seasonally. Phytoplankton 

biomass and therefore, the amount of carbon contributed to the POC pool by phytoplankton can 

vary on temporal and spatial times scales (Raymont, 1980; Simpson and Sharples, 2012). During 

the spring bloom (April 2015) Chl-a (and co-varying products) showed a good correlation with bbp 

signal (r2 = 0.62) and POC (r2 = 0.79), but these parameters were decoupled during the summer, 

when the SCM was present (July 2015; Figure 5.3b). This results in poor estimates for POC and 

therefore Cphyto using established empirical relationships during the summer. During the spring 

bloom, conditions are suited to support faster growing phytoplankton with a larger cell size, 

which are carbon-rich (Poulton et al., 2018) and therefore, contribute not only to the POC pool 

but also contribute to the bbp signal within the surface layer, far away from the resuspension of 

finer sediment at the seabed. Coccolithophores, were also observed during the spring bloom 

period (data not shown; Mayers et al., 2018), which contribute significantly to the bbp signal (Balch 

et al., 2001). The seasonal water column characteristics change during summer, whereby primary 

production and the hence, the main contribution to POC is confined to the SCM, which has lower 

light, and supply of nutrients from below the pycnocline (Chapter 4). During this time period, the 

bbp signal is now not dominated by larger cells but mainly by bacterial influence (Poulton et al., 

2018) which contribute ~60% of the total primary production (Platt, Subba Rao and Irwin, 1983). 

In addition, the bbp signal is dominated by resuspended sedimentary material due to the proximity 

with the BML (Figure 5.2b).   
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While care must be taken when comparing (or to an extent calibrating) a derived value (e.g. 

POC) calculated from a relationship (e.g. POC:Chl-a) from high resolution glider data collected 

over a large special area (~ 5 km2) to a single cast of limited discrete samples, this study showed 

using bio-optical sensors on gliders can produce comparable values of POC (Table 5.2; p > 0.05) 

and Cphyto (Table 5.3; p > 0.05) to discrete samples from CTD casts. Therefore, using 

methodology that use established empirical relationships can be used to predict a first order 

estimation of POC, and thus Cphyto, in a dynamic shelf system indicating the potential for bio-

optical sensors on gliders to be used in shelf seas. The use of bio-optically equipped ARGO floats 

has produced new data (BGC-Argo database; Barbieux, Organelli, et al., 2017), that have shown to 

be a useful tool for the validation of remotely sensed bio-optical data within the case 1 waters of 

the open ocean (Blondeau-Patissier et al., 2014). There are still many challenges to overcome with 

regards to bio-optical remote sensing in coastal areas (Loisel et al., 2013) and it is therefore, 

important to develop methods capable of detecting biogeochemical properties from bio-optical 

instruments on autonomous platforms for the development and validating robust 

parameterisation of both remote sensing algorithms and numerical models. To be able to 

determine phytoplankton biomass, POC and Cphyto directly and to understand its seasonal 

variability, will improve not only the phytoplankton growth models within a dynamic shelf sea 

system (Souza, Holt and Proctor, 2007; Holt et al., 2016, 2017) but will allow us to better evaluate 

the role of seasonal shelf seas, as CO2 sinks through the continental shelf pump mechanism 

(Tsunogai, Watanabe and Sato, 1999; Thomas et al., 2004; Takahashi et al., 2009), in the global 

carbon cycle shelf seas play and how it might vary in the context of a changing climate 

(Behrenfeld et al., 2006; Gruber et al., 2010; Gruber, 2011; Honjo et al., 2014).  
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Chapter 6: Summary and Future work 

6.1 Introduction 

 

The main objective of this thesis was to use novel wet chemical sensors to determine the 

temporal variability of nitrate + nitrite (hereafter defined as ∑NOx), alongside established methods 

for estimating turbulence and the use of bio-optical sensors to determine the role of nitrate 

availability on primary production within an area of flat sea bed in a tidally active temperate shelf 

sea. To achieve this, a pair of autonomous underwater vehicles (Kongsberg Seaglider and 

Teledyne Slocum glider) were deployed to continuously profile at the central Celtic Sea sampling 

site (CCS; 49o24’N, 8o36’W; Figure 2.1) from the 4th to 29th April (2015), and from the 13th to 30th 

of July (2015), as part of the Shelf Seas Biogeochemistry program (SSB; http://www.uk-ssb.org/). 

On both gliders a suite of sensors for temperature, conductivity and pressure were installed. The 

Seaglider (Kongsberg) also had a fluorescence sensor, optical backscatter and LoC ∑NOx sensor, 

while the Slocum (Teledyne) also measured turbulent velocity using a microstructure profiler. 

Auxiliary data was used to compliment and calibrate data collected by the gliders, and consisted 

of tidal and meteorological data, nutrients, Particulate Organic Carbon (POC) and chlorophyll-a 

concentrations (Chl-a), collected from a mooring and seabed frame, and periodic CTD and discrete 

bottle sampling from the R.S.S Discovery at CCS. During the two continuous deployments the 

gliders were able to observe physical and biogeochemical parameters at high resolution 

producing ~1500 profiles ever ~40 minutes to a depth of ~140 meters. These glider deployments 

took place during the spring bloom (April 2015) and when a sub-surface chlorophyll maximum 

was present (SCM; July 2015). High resolution data from these deployments provided new 

insights into the physico-chemical and biological cycling during these vital periods for shelf sea 

primary production and are outlined below. 

The thesis produced 4 main findings: 

1. A wet chemical microfluidic Lab-on-Chip (LoC) nutrient sensor was shown to be able 

to accurately determine ∑NOx with excellent agreement with traditional discreet 

water sample methods (r2 = > 0.98; n = 151; p = < 0.001) (Vincent et al., 2018) 
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2. High resolution estimations of the diapycnal flux of ∑NOx (f∑NOx) into the base of the 

SCM reported in this study (4.2 mmol m-2 d-1) were shown to be double that of 

previously reported values (~2 mmol m-2 d-1) in the Celtic Shelf Sea  

3. The contribution of new production estimated in this study supported by the f∑NOx 

into the SCM (58 (21-80) g C m-2) could support all the estimated annual new 

production of 81.8 g C m-2 in the Celtic Sea solely in the SCM during the summer 

period (120 days) 

4. Within a dynamic shelf region, established empirical bio-optical relationships can be 

used to estimate POC from Chl-a and therefore predict phytoplankton carbon (Cphyto), 

during the spring bloom and summer SCM from bio-optical sensors deployed on a 

glider 

6.2 Integrating a wet chemical LoC in an autonomous underwater glider 

For the first time a novel wet chemical LoC ∑NOx sensor (Ocean Technology and 

Engineering group, National Oceanographic Centre, UK) was integrated and successfully deployed 

in an autonomous underwater Seaglider for two cruises in a shelf sea system, lasting 18 and 21 

days during April and July (2015), respectively. During these deployments the LoC ∑NOx sensor 

produced 619 & 457 blank (artificial seawater; n = 155 & 78) and standard (NO3
-; n = 199 & 97) 

corrected ∑NOx measurements. An excellent agreement between LoC ∑NOx sensor measurements 

and autoanalyzer analysis of discrete water samples was shown (Figure 3.2), with a correlation of 

r2 = > 0.99 (n = 9; p = < 0.001) when deployed on a CTD rosette and an estimated analytical 

uncertainty of 0.14 µM (n = 10). When profiles from each platform were compared (1 – 10 hr 

window; ±3 metersdepth ; < 2km between profiles), again a good correlation was observed, r2 = > 

0.98 (n = 51; p = < 0.001), with an average estimated analytical uncertainty for the LoC ∑NOx 

sensor during this period of 0.19 µM (n = 142). 

Over the 21-day April (2015) deployment the LoC ∑NOx sensor was able to accurately 

capture the large drawdown of ∑NOx within the surface mixed layer due to the onset of the spring 

bloom (Figure 3.4). Concentrations decreased from 5.74 µM (4th) to 1.42 µM (25th), whilst bottom 

layer NO3
- concentrations remained constant (6.86 ±0.16 µM) (continuous sampling for 18days) 
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The temporal and spatial variability of biogeochemical processes has previously been 

successfully measured using remote sensing, time series moorings and ship-based methods, but 

these, to an extent, fall short in resolving the dynamic temporal and spatial elements with long-

term endurance in a low-cost package. Therefore, there has been a strong call for the 

development of biogeochemical sensors to be deployed on stationary and mobile platforms, to 

provide in situ measurements as part of sensor networks aimed at providing long term monitoring 

within a low-resource package (Johnson et al., 2009; Adornato et al., 2010). The LoC ∑NOx sensor 

deployed within the Seaglider in this study clearly demonstrates that nitrate & nitrite can be 

accurately determined over monthly timescales due to the sensor’s low resource use, small size 

and in situ calibration abilities. Moreover, deployed within a glider with other physical and 

biochemical data (e.g. CTD and the WetLabs Triplet sensor measurements), it provided a powerful 

tool for resolving dynamic biogeochemical processes within a dynamic shelf system.The research 

presented in this Chapter 3 has been published in Marine Chemistry: 

Vincent, A.G., Pascal, R.W., Beaton, A., Walk, J., Hopkins, J.E., Woodward, E.M.S., Mowlem, 

M. and Lohan, M.C. (2018), Nitrate drawdown during a shelf sea spring bloom revealed using a 

novel microfluidic in-situ chemical sensor deployed within an autonomous underwater glider, 

Mar. Chem. https://doi.org/10.1016/j.marchem.2018.07.005. 

6.3 Quantifying new production supported by the flux of ∑NOx into the 

SCM during summer  

• In Chapter 4 high resolution ∑NOx and dissipation of turbulent kinetic energy 

observations were made during summer (21 days; July 2015) using a Microrider 

microstructure package (Rockland Scientific) and LoC ∑NOx sensor deployed on a 

Slocum glider and Seaglider, allowing the investigation of how the flux of ∑NOx 

across the pycnocline drives new production within the sub-surface chlorophyll 

maximum (SCM). This methodology allowed for the continuous observation over a 

21-day time period over a flat seabed in a shelf sea system (one profile every ~ 40 

minutes; 1226 total profiles), therefore increasing the observational ability to 

capture highly dynamic fluxes of ∑NOx into the base of the SCM, which had not 

been achieved in previous studies within the Celtic Shelf Sea. (e.g. Sharples et al. 

2007) 1-61-2 and reported an average background range of 1-2 mmol m-2 d-1 in the 

Celtic Sea. By subsampling the f∑NOx dataset of this study for periods of 12 and 24 

hrs on spring and neap tides (similar periods reported in previous studies; e.g. 

Sharples et al., 2007 and Williams et al., 2013)… 
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• Compare to different subsamples… Is there a different magnitude? What’s the 

variability like? Are the subsamples similar to those of previous studies? 

 as estimates are not based on smaller datasets biased to short sampling windows to reduce 

uncertainty and Table 6.1: Average Flux of ∑NOx across the pycnocline 

 

Using this methodology we were able to estimate a more representative average f∑NOx at the 

pycnocline, which included the contributions of semi-diurnal and spring-neap variability and the 

augmentation of higher fluxes of ∑NOx (Figure 4.6), caused by the episodic increase of turbulence 

at the pycnocline. By having a more representative average f∑NOx estimate we were able to 

reliably estimate the potential of the f∑NOx to support new production in the SCM during the 

summer growth period in a shelf sea environment. The temporal average (4.2 ± 6.4 mmol m-2 d-1) 

was dominated by short mixing events that could potentially supply larger (> 15 mmol m-2 d-1) 

intermittent fluxes of ∑NOx into the SCM. The deployment average was double (~4 mmol m-2 d-1) 

that of previously reported averages (~2 mmol m-2 d-1) in the Celtic Sea, likely due to the 

contribution of a number of higher f∑NOx pulses around the transition into, and including, the 

spring tide period (Figure 4.6; 15th to 21st July 2015). Using the spring and neap tide f∑NOx 

estimates to represent the envelope limits, the contribution of new production supported by the 

f∑NOx into the SCM during the summer period (120 days) reported in this study is 58 (21-80) g C 

m-2 could support all of the estimated annual new production of 81.8 g C m-2 in the Celtic Sea 

(reported by Joint et al. (2001)). If this under-estimation of the contribution of the summer SCM 

to the annual new production shown here in the Celtic Shelf Sea is indicative of all other 

continental shelf seas of the Northern Hemisphere, then their estimated ability to be net sinks of 

CO2 (−0.24 Pg C yr−1; Laruelle et al., 2010) could be underestimated. 

This research will be submitted to Geophysical Research Letters. 

6.4 Assessing the estimation of particulate organic carbon and 

phytoplankton carbon biomass from glider chlorophyll-a 

observations 

In Chapter 5, high resolution Chl-a and particulate backscatter (bbp) observations were 

made during both the spring bloom (18 days; April 2015) and summer sub-surface chlorophyll 

maximum (SCM; 21 days; July 2015), using a WetLabs Triplet ECOPuck (BBFL2VMT; WetLabs, 
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USA;) deployed on a Seaglider. By applying established empirical bio-optical relationships to 

the bio-optical sensors deployed on a Seaglider enabled an investigation of seasonal 

phytoplankton biomass, particulate organic carbon (POC) and phytoplankton carbon (Cphyto) 

dynamics. The validation of applying these established empirical bio-optical relationships to 

the bio-optical sensors deployed on a Seaglider, was undertaken by comparing estimated 

euphotic zone inventories of Chl-a, POC and Cphyto, measured from discrete seawater bottle 

samples taken periodically at CCS during the two time periods. Both discrete samples and 

glider measurements were comparable (Table 5.1), apart from two larger outliers in April 15th 

and 25th April (2015). The variation observed between the two methods used to calculate 

Cphyto could likely be due to the natural variation between the two local water masses sampled 

by each platform method (note: glider was within 3.2 ± 5.4 km of CTD deployment) and/or the 

contribution of each individual measurement within a profile used in the calculation of the 

integration. 

While in the open ocean, bbp generally covaries with POC, and is therefore used as a proxy 

(Loisel et al., 2002), POC discrete bottles samples showed no relationship to their respective 

bbp measurements from either the glider or the CTD in this study, therefore this methodology 

was not valid. This study did, however, observe a strong correlation between POC and Chl-a 

concentrations (r2= 0.79; p < 0.001), and, by using the POC:Chl-a relationship, estimates of 

POC concentrations were derived from glider bio-optical data (e.g. fluorescence). During the 

spring bloom (April 2015) Chl-a concentrations (and co-varying products) also showed a good 

correlation with bbp signal (r2 = 0.62), but both these parameters were decoupled during the 

summer, when the SCM was present (July 2015; Figure 5.3b). This resulted in poor estimates 

for POC and hence Cphyto using established empirical relationships during the summer. We 

hypotheses this was because the bbp signal was no longer dominated by larger cells but mainly 

by bacterial influence (Poulton et al., 2018) which can contribute ~60% of the total primary 

production (Platt, Subba Rao and Irwin, 1983). In addition, the bbp signal is dominated by 

resuspended sedimentary material due to the proximity with the BML (Figure 5.2b). This work 

highlighted the potential for the application, established empirical bio-optical relationships 

can be used to estimate POC from Chl-a and therefore predict Cphyto, during the spring bloom 

and potentially the summer SCM from bio-optical sensors deployed on a glider within a 

dynamic shelf region. 

6.5  

novel LoC nutrient sensor.W in blank corrected  samples (limited to 24 measurements per 

cast, non-continuous over longer timescales), it’s vertical resolution has two limitations. Firstly, 
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un-like the CTD cast methodology which the users have the ability to control where a sample is 

taken (setting the pressure at which a Niskin bottle will fire) the LoC and Glider setup is currently 

unable to do so. Therefore the user is unable to focus in on a boundary of interest in any great 

detail (i.e. the base of the thermocline with a thickness) or to be able to  

er (< 6 day deployments)Equation 4.6; density unlocked densityWhile this studyfollowed 

the method of these previous studies,there was the upon themby of biogeochemical and mixing 

measurements using the density to calculate  at the base of the SCMUnfortunately, the set 

differencebetween the slopes  into 6 day periods (Figure 4.1). I 4.2using this  by  and should be 

prioritised in future workBoth deployments but er (> 4 weeks) fully due to low power levels in the 

battery. A longer deployment period could provide in-sight into reagent longevity, the power 

draw of the LoC on the Gliders , the decrease in efficiency of the cadmium column in a real-world 

use testpotential  of the 0.45µ sample filter (who deployed gliders)inputacurrent  project. The 

project is undertaking sustained multi-glider deployments, to provide a detailed methodology of 

the deployment strategy, piloting, and calibration process. The analysis will deliver methods for 

the synoptic interpretation of all ocean variables over multiple timescales and has already 

deployed 22 gliders over 17 months (Palmer et al., 2018)Once the work has been published it will 

hopefully shed some light on the true long-term capabilities of a LoC and to set a baseline of 

which to improve. 

 

6.6 Future Work 

Since the practical components of this study, ∑NOx sensors and other analyte versions (e.g. 

pH, PO4 and silicate) have been successfully deployed within glacial runoff (~14 days), a 

freshwater ecosystem (River Avon, UK; 63 days), an estuarine system (Southampton waters, UK; > 

56 days) and in the subtropical oligotrophic waters of Kaneohe Bay (Hawaii, USA; 30 days; Beaton 

et al., 2017b; Clinton-Bailey et al., 2017; Grand et al., 2017). All of these were on stationary 

platforms unlike this study which used an AUV for the first time. However, with further 

developments currently being undertaken to improve the analytical capabilities of the LoC sensor 

platform (e.g. chip architecture, filters, runtime methodology), this opens up the possibility for a 

swarm of gliders to be deployed equipped with a full contingent of macronutrient LoC sensors. 

Having a sensor suite such as this on an autonomous platform provides an opportunity for high 

resolution data sets producing blank and standard corrected macronutrients observations with a 

low operational resource footprint and the analytical strengths of wet chemical analysis (e.g. 

lower analytical uncertainty and limit of detection). It must also be mentioned that within the 
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field of microfluidics there have been new research ideas that, although currently in their infancy, 

could result in an increase in the resolution of wet chemical microfluidics. Nightingale et al. (2017) 

reported the use of a methodology using a micropump to form droplets, whereby droplet 

generation was achieved using the pulsatile nature of peristaltic pumps to deliver temporally 

separated oil and aqueous phases like that seen in traditional segmented flow analysis. This could 

have the potential for a wet chemical LoC sensor to undertake continuous sample analysis with a 

droplet generation frequency of ~ 0.2Hz, allowing for a blank and standard corrected ∑NOx 

measurement every ~2 meters, assuming the average vertical velocity of a glider is ~0.1m s-1 

(Rudnick et al., 2004; Nightingale, per. comm.). This would allow for new insight into the vertical 

structure of biogeochemical variables akin to the resolution of physical sensors (e.g. temperature, 

salinity etc.). 

This research has proved that, by integrating a LoC nutrient sensor in an autonomous glider 

it is possible to undertake continuous high-resolution observations for just under one month. 

From this, the next progressive steps are to firstly undertake longer deployments, and secondly to 

integrate the LoC nutrients sensors into the growing selection of autonomous marine vehicles 

worldwide. Integration with an array of autonomous vehicles that are non-ship-dependent, such 

as submersible platforms like the Autosub LR (Furlong et al., 2012) and Slocum (Jones, 2012), and 

surface vehicles such as the AutoNaut (Johnston and Poole, 2017), ASV C-Enduro (ASV Global, 

2018) and Waveglider (Hine et al., 2009), would increase our observational capabilities in a 

temporal and spatial scale between moorings, ship-based observations and remote sensing 

platforms in an array of different operational capacities. Back-to-back seasonal deployments for 

multiple years in the setting of a shelf sea ecosystem would allow for investigation into events 

and processes such as the autumn bloom (Pingree et al., 1976a), on-shelf advection (Stabeno and 

Meurs, 1999; Hydes et al., 2004), remineralisation, and even shelf systems with a higher 

pycnocline flux potential (e.g. New Zealand; Sharples et al.,2001), and the year-on-year variation 

of macronutrient inventories (Proctor, Chen and Tett, 2003; Humphreys et al., 2018). With the 

addition of oxygen and bio-optical sensors, measuring beam attenuation, and backscatter and 

irradiance alongside nutrient sensors a rich dataset observing the spatial and temporal variability 

of parameters such as plankton community composition, primary and net community production, 

and export efficiency would provide a fuller picture of the biological carbon cycle within the shelf 

sea (Alkire et al., 2012; Cetinić et al., 2015; Hemsley et al., 2015; Briggs et al., 2018). Similarly, 

within other regions these deployments would provide new insights into biogeochemical areas of 

interest such as within gyres and eddies (Sherwin et al., 2012; Thomsen et al., 2015), oxygen 

minimum zones (Breitburg et al., 2018) or in low nutrient and chlorophyll regions (Karl and 

Letelier, 2008). These types of investigations would provide insights into the processes controlling 
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primary production in globally significant shelf sea systems and beyond, and aid in models 

predicting the ecosystem and biogeochemical responses to climate-driven variations and 

anthropogenic pressures. 

The data availability in continental shelf seas is strongly biased towards the temperate 

regions of the Northern Hemisphere, countries with larger research budgets, and during 

operationally favourable seasons. Therefore, key shelf sea systems in the higher latitudes are 

currently severely under‐sampled. The ability of the LoC nutrient platform to function remotely 

for extended periods of time within a polar setting has been proved by Beaton et al. (per. comm.; 

2017), whereby a LoC nutrient sensor was deployed within glacial runoff and on a mooring during 

a yearlong deployment off the coast of Svalbard. By combing autonomous gliders, moorings, and 

landers, an array of biogeochemical sensors could be deployed to observe the inputs of glacial 

meltwaters, pelagic and benthic components within the coastal regions, and transects out across 

the continental shelf. This would allow us to greatly improve our understanding of the variability 

within the complex biogeochemical system of the polar coastal and continental shelf regions that 

are already strongly influenced by the changing climate (Schofield et al., 2010; Kaufman et al., 

2014; Randelhoff, Sundfjord and Reigstad, 2015). 
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Appendix B Methodology 

B.1 Example of Lab-on-Chip data transmitted via Iridium 

Download: profile=1: P1=10 P2=500 P3=10, max depth=94. 

Glider time: 14/04/2015, 13:45:28 (at 14/04/2015, 13:42:25) 

Dive number: 387 

Average 0: ASM=5, DEP=33m, AV=649505.32 

Average 1: ASM=9, DEP=70m, AV=592652.16 

Average 2: ASM=19, DEP=94m, AV=625509.04 

Average 3: ASM=19, DEP=94m, AV=605075.76 

Average 4: ASM=19, DEP=94m, AV=594482.80 

Average 5: ASM=19, DEP=94m, AV=592925.16 

Average 6: ASM=19, DEP=94m, AV=592736.76 

Average 7: ASM=19, DEP=94m, AV=592943.32 

Average 8: ASM=19, DEP=94m, AV=592272.76 

Average 9: ASM=19, DEP=94m, AV=592422.44 

Average 10: ASM=27, DEP=33m, AV=593597.76 

Average 11: ASM=27, DEP=0m, AV=599702.76 
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B.2 Example of Lab-on-Chip raw datafile from onboard storage 

% File number: 193              
% File name: Nitrate 50 Sensor 93            
% File creation date: 2015/04/10 16:22:26            
% Sensor name: Nitrate 50             
% Glider time:  1974/05/20 00:00:00            
Elapsed Time State Long Middle Small n/a n/a Reference Time from Depth from Temperature on Supply Hall effect Hall effect 

  Channel Channel Channel   Channel Glider Glider sensor controller Voltage sensor 0 sensor 1 
1 0 61114118 53519336 40056393 6419193 61299444 6424300 1428682947 0 12.3 10.1 2468 3927 
2 1 61113768 53478825 40080180 6448457 61290197 6452408 1428682948 0 12.3 9.9 2468 3927 
3 1 61134158 53183871 40211918 6476911 61184738 6479546 1428682949 0 12.3 9.3 2690 3916 
4 1 61348016 53276658 40146652 6504678 61172805 6506078 1428682950 0 12.3 9.3 2898 3904 
5 1 61303279 53371772 40137590 6531894 61181582 6531974 1428682951 0 12.3 9.4 3067 3890 
6 1 61249544 53433904 40123594 6558795 61186093 6557765 1428682952 0 12.3 9.3 3206 3874 
7 1 61215940 53477960 40139688 6585358 61188448 6583166 1428682953 0 12.3 9.3 3322 3857 
8 1 61192835 53471016 40163237 6611408 61190644 6608258 1428682954 0 12.3 9.5 3420 3840 
9 1 61178303 53463924 40191682 6637501 61194088 6633307 1428682955 0 12.3 9.4 3500 3818 
10 1 61158614 53471201 40200315 6662740 61193892 6657587 1428682956 0 12.3 9.5 3571 3794 
11 1 61150992 53453810 40181521 6688181 61197646 6682012 1428682957 0 12.3 9.6 3630 3769 
12 1 61145843 53495984 40173266 6713635 61202345 6706268 1428682958 0 12.3 9.6 3682 3739 
13 1 61129355 53484471 40174143 6738652 61207731 6730636 1428682959 0 12.3 9.6 3726 3705 
14 1 61122901 53493835 40225794 6763764 61211400 6754578 1428682960 0 12.3 9.6 3765 3666 
15 1 61119529 53500557 40231219 6788574 61213857 6778647 1428682961 0 12.3 9.5 3799 3623 
16 1 61120446 53486027 40240359 6813435 61216613 6802292 1428682962 0 12.3 9.6 3829 3573 
17 1 61117509 53470799 40219716 6837957 61218186 6826146 1428682963 0 12.3 9.6 3855 3515 
18 1 61110650 53473687 40258593 6862423 61216864 6849554 1428682964 133 12.3 9.6 3879 3447 
19 1 61104882 53494761 40253705 6886773 61223972 6873014 1428682965 133 12.3 9.6 3900 3369 
20 1 61102573 53472802 40258695 6911104 61221804 6896273 1428682966 133 12.3 9.6 3918 3276 
21 1 61099260 53466079 40270384 6935290 61222832 6919702 1428682967 133 12.3 9.6 3935 3167 
22 1 61098597 53468820 40216949 6959287 61205830 6942909 1428682968 133 12.3 9.6 3943 3100 
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