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We introduce for the first time a new product line able to make high accuracy
measurements of a number of water chemistry parameters in situ: i.e., submerged
in the environment including in the deep sea (to 6,000 m). This product is based on
the developments of in situ lab on chip technology at the National Oceanography
Centre (NOC), and the University of Southampton and is produced under license by
Clearwater Sensors Ltd., a start-up and industrial partner in bringing this technology to
global availability and further developing its potential. The technology has already been
deployed by the NOC, and with their partners worldwide over 200 times including to
depths of ∼4,800 m, in turbid estuaries and rivers, and for up to a year in seasonally
ice-covered regions of the arctic. The technology is capable of making accurate
determinations of chemical and biological parameters that require reagents and which
produce an electrical, absorbance, fluorescence, or luminescence signal. As such it is
suitable for a wide range of environmental measurements. Whilst further parameters
are in development across this partnership, Nitrate, Nitrite, Phosphate, Silicate, Iron,
and pH sensors are currently available commercially. Theses sensors use microfluidics
and optics combined in an optofluidic chip with electromechanical valves and pumps
mounted upon it to mix water samples with reagents and measure the optical response.
An overview of the sensors and the underlying components and technologies is given
together with examples of deployments and integrations with observing platforms such
as gliders, autonomous underwater vehicles and moorings.

Keywords: submersible, autonomous, in situ, lab on chip, microfluidics, analytical chemistry, chemical sensors

INTRODUCTION

The oceans cover over 70% of our planet and directly contribute $2.5Trillion/yr in economic
benefit, which is equivalent to the world’s 7th largest economy (2016) (Hoegh-Guldberg, 2015).
They provide $25Trillion in ecosystem services such as production of food. Whilst 90% of their
value depends on healthy ecosystems, 30–35% of critical marine habitats are overused or have been
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destroyed, ocean acidity is up 26%, and oxygen is depleting in key
areas (G7 Science and Technology Ministers, 2016).

Oceanic chemistry plays a central role in ecosystems
through biogeochemical processes. State of the art operational
Earth System/lower trophic level ecosystem models (such as
Butenschoen et al., 2016) include the carbonate system and
macro nutrient variables in both pelagic (water) and benthic
(sediment) representations as well as iron (Fe) in the pelagic
and CO2 flux between the ocean and atmosphere. Hence their
measurement in both process studies and operationally are
critical in the development and calibration of these models and
therefore our understanding and operational awareness of ocean
health. Further the outputs from such lower trophic levels can
be used to force models predicting higher trophic levels from
“primary producers to top predators” (Coll et al., 2020) under
a range of climate and hence ocean chemistry change scenarios.
Therefore, the measurement of ocean chemistry is critical to
understanding the health and productivity (including fisheries
and bioresources) of our oceans in a changing climate and in
mitigating negative effects.

Ocean chemistry also has an impact on the marine
environment’s capacity to absorb CO2 and act as a climate
mitigating carbon sink (DeVries et al., 2019). Whilst the flux of
CO2 at the ocean surface is a physicochemical process (Woolf
et al., 2019) this is modulated by the difference in ocean and
atmospheric CO2 concentration. This difference is affected by
biogeochemical processes which are influenced by variations in
nutrient, iron and other carbonate system chemical variables
(Macovei et al., 2020) and is likewise modeled with ecosystem
models (see above).

Elevated atmospheric, and therefore oceanic, CO2
concentrations also cause ocean acidification (Doney et al.,
2009). This reduction of pH, currently at a global average of
about 0.002 pH units per year (Bates et al., 2014; Iida et al., 2021),
occurs as CO2 dissolves in the oceans to form carbonic acid
(H2CO3), which readily dissociates to bicarbonate (HCO3

−),
carbonate (CO3

2−), and H+. “Impacts of unmitigated ocean
acidification are estimated to represent a loss to the world
economy of more than US $1 trillion annually by 2100”
(Secretariat of the Convention on Biological Diversity, 2014).
This includes for example reductions due to damage and critical
endangerment of corals and calcifying invertebrates. Decreased
pH also decreases the ability of the oceans to absorb more CO2
and hence will accelerate climate change.

Harmful Algal Blooms (HABs) can have devastating impacts
on both fisheries and aquaculture with single events resulting
in export losses of $800M (Trainer et al., 2020) as well as
significant effects on tourism and public health (Grattan et al.,
2016). Whilst their prevalence is increasing with climate change,
the role of ocean chemistry is complex. In many settings
ocean stratification suppresses nutrient and micronutrient
supply creating conditions where HABs can outcompete other
phytoplankton. But also, when dominant HAB species do
encounter elevated nutrients, for example due to coastal
pollution, a population explosion or bloom can then lead to
widespread negative impacts (Trainer et al., 2020). Regardless
of these differing mechanisms, monitoring of nutrients is a

useful tool for predicting and observing HAB occurrence and
mitigating their impact.

Given the importance of ocean nutrient and carbonate
system variables in multiple processes with large environmental,
economic and societal impact, it is perhaps not surprising that
the requirement for their measurement has been highlighted by
the international ocean observing community. For example, the
Framework for Ocean Observing (Tanhua et al., 2019) adopted by
the Global Ocean Observing System (GOOS) lists macronutrients
and carbonate system variables in the top three biogeochemical
measurements in terms of impact and importance to this global
effort. Beyond ocean environments there are also numerous
applications for example in water industries and agriculture.

Despite the value of measurement of nutrient and carbonate
system variables, their routine measurement is still dominated by
sample collection and laboratory analysis with concomitant high
cost, low spatial and temporal resolution, and risk of systematic
error from contamination or degradation of samples. There has
been considerable effort in both the academic community and in
industry to develop nutrient and carbonate system sensors.

Optical (direct spectrophotometry of seawater) sensors (Finch
et al., 1998; Johnson and Coletti, 2002) offer reagent free,
high frequency and low energy per measurement data, are
commercially available (e.g., SUNA v2, Seabird Scientific,
United States), robust and deployable on the small platforms such
as profiling floats (Johnson et al., 2010). Whilst they currently
only measure nitrate operationally, they could also access nitrite
(Wang et al., 2021) using spectral chemometrics and with the
addition of acid titration can also measure [CO3

2−] (Martz et al.,
2009). However, they are prone to interference from overlapping
absorption spectra of other natural water constituents, biofouling
and calibration drift (Sakamoto et al., 2009; Wang et al., 2021)
and are less accurate/precise (2 µM/0.3 µM; Suna V2, Seabird
Scientific, United States) than traditional nutrient analysis
(0.1/0.1 µM; Hydes et al., 2010; Becker et al., 2020).

Optode based in situ pH sensors have been developed by
the Technical University Graz and PyroScience GmbH (Aachen,
Germany) and these devices are now commercially available
(PyroScience GmbH, Germany). They have accuracy in the order
of 0.02 pH (Staudinger et al., 2018) and worst case drift 0.003
pH/day at 24 or 25◦C, but undetectable at 10◦C (Staudinger et al.,
2018, 2019). The optodes consist of two essential components:
a pH sensing material and the read-out module. The pH
sensing material utilizes the pH-dependent fluorescence of an
aza-BODIPY indicator dye (Klimant et al., 2001; Staudinger
et al., 2018, 2019). The optodes have a low power consumption
(∼1 mW at acquisition rate of one measurement point in 10
s) and have been demonstrated with a 2-month deployment
(Fritzsche et al., 2018).

Electrochemical sensors for oceanic nutrients are not currently
used for operational nutrient sensing because of metrology
and robustness challenges (Wei et al., 2021). However, low
limits of detection (6.1 nM) have been demonstrated in the
lab for phosphate with plastic electrodes decorated with an
alkyl Mo-polyoxometalate (Figueredo et al., 2021). Devices for
silicate (Legrand et al., 2021) with limit of detection 0.32 µM
have been deployed in shallow demonstrations and similar
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devices for phosphate characterized in laboratory conditions
(Barus et al., 2016).

Electrochemical sensors for pH (Shitashima et al., 2002;
Martz et al., 2010; Easley and Byrne, 2012; Johnson et al.,
2016; Briggs et al., 2017; McLaughlin et al., 2017; Gonski et al.,
2018; Miller et al., 2018; Takeshita et al., 2018; Saba et al.,
2019) are the most mature and widely used in operational
oceanography. This is motivated by small size and robustness
(Johnson et al., 2016), low power (e.g., 340–400 mW, SeaFET v2,
Seabird Scientific, United States), fast response (<5 s, MSFET
3330, Microsens Switzerland) (Flohr et al., 2021), and good
metrology performance (precision 0.004 pH, accuracy ± 0.05
pH, SeaFET v2, Seabird Scientific, United States). This has
resulted in use on gliders (Saba et al., 2019; Takeshita et al.,
2021) and profiling floats (Takeshita et al., 2018). However, a
conditioning period when immersed in a new ionic concentration
(4–5 days to settle to within 0.005 of spectrophotometric
reference measurements; Saba et al., 2019), biofouling (in
shallow warm waters on a glider offsets of < 0.2 pH were
observed Saba et al., 2019), and sensor drift (0.003 pH/month,
SeaFET v2) all affect performance. Solutions to these challenges
include operation downstream of antifouling chemistry used in
conductivity sensors (Takeshita et al., 2021), the presentation of
in situ standards to the sensor (requiring fluidics) (Bresnahan
et al., 2021) or calibration in stable waters, such as in the
deep-sea (Johnson et al., 2017; Takeshita et al., 2018) the latter
can achieve uncertainties of 0.005 ± 0.007 but adds additional
operational constraints.

Electrochemical sensors for oceanic carbonate ion (Choi et al.,
2002) and Total Alkalinity (Briggs et al., 2017) have also been
developed but are yet to be demonstrated for in situ deployment.

Despite these advances there remains a requirement to
improve nutrient and carbonate system metrology in sensors.
Because of the superior metrology performance of reagent based
analytical methods (Waterbury et al., 1996; Patey et al., 2008,
2010; Ma et al., 2014a; Nagul et al., 2015; Birchill et al., 2019;
Takeshita et al., 2020), numerous sensors and analytical systems
have been developed employing these techniques. This includes
in situ deployed systems for Nitrate (Jannasch et al., 1994; David
et al., 1998; Steimle et al., 2002; Adornato et al., 2007; Vuillemin
et al., 2009; Yaqoob et al., 2012; Bodini et al., 2015), Phosphate
(Adornato et al., 2007; Barnard et al., 2009; Moscetta et al., 2009;
Ma et al., 2014b; Bodini et al., 2015; Yang et al., 2020), Iron
(Chapin et al., 2002; Johnson et al., 2007; Huang et al., 2012;
Meyer et al., 2012), and pH (Waterbury et al., 1996; Bellerby
et al., 2002; Martz et al., 2003; Liu et al., 2006; Nakano et al.,
2006; Wang et al., 2007, 2015; Seidel et al., 2008; Assmann
et al., 2011; Spaulding et al., 2011; Lai et al., 2018). Some of
these systems are commercially available (Hanson, 2000; Barnard
et al., 2009; Spaulding et al., 2011; Bodini et al., 2015; Lai
et al., 2018). However, previously there has not been widespread
uptake of these technologies for operational oceanography
because of perceived and actual barriers presented by: reliability
(many moving parts); fragility; complexity of operation (such as
reagent preparation and pre/post deployment protocols); device
size, weight and power; and significant volumes of reagent
consumption and waste production.

Microfluidics technologies (Nightingale et al., 2015; Mowlem
et al., 2019) have been proposed as a solution to some of these
barriers and there are examples in the literature of in situ systems
targeting nutrients and carbonate. These include systems for
nitrate (Beaton et al., 2012; Cogan et al., 2015; Nightingale et al.,
2018, 2019), phosphate (Cleary et al., 2007; McGraw et al., 2007;
Slater et al., 2010; Legiret et al., 2013; Clinton-Bailey et al., 2017;
Grand et al., 2017), silicate (Cao et al., 2017), iron (Milani et al.,
2015; Geißler et al., 2017), and pH (Rerolle et al., 2012, 2013;
Pinto et al., 2019).

The advantages of microfluidics include integrated fluidic
manifolds that reduce fluidic and electrical connectors
(improving reliability and robustness) as well as complexity
of operation: mixers, fluidic junctions and optical cells can be
included in a continuous channel within the manifold. Similarly,
this integration can reduce device size, weight and power. Whilst
dispersion (Aris and Taylor, 1956) increases flushing volumes
beyond the internal volume of the device, reagent consumption
and waste production are dramatically reduced vs. macrofluidics
[e.g., from 50 mL/sample (Barnard et al., 2009) to 0.3 mL/sample
(Beaton et al., 2012) total waste]. Because volumes of reagents
and waste are minimized, reagent cartridges (e.g., see also
Barnard et al., 2009) can be extended to include capture of all
waste from extended deployments.

It is the low sample consumption enjoyed by microfluidics,
that enables use of relatively small inlet filters [e.g., 0.45-µm
pore size Millex HP inline filter (Millipore, United States)
(Beaton et al., 2012)]. In our experience, whilst the sensors
may experience biofouling externally, the filters maintain
operation without blocking. This enables superior biofouling
resistance/robustness compared to other technologies. Filter
blocking is only seen in very high turbidity settings (e.g., in
the Maumee River Johengen et al., 2016) and then only rarely,
and can be dealt with using larger or multiple filters, or more
frequent changes.

Small fluidic consumption also enables regular measurement
of onboard fluid standards and blanks which enables improved
accuracy. In addition, microfluidics also enable inclusion of
multiple sensing cells (e.g., colorimetric absorption channels
of differing lengths) in a single device (Beaton et al., 2012;
Clinton-Bailey et al., 2017; Geißler et al., 2017; Grand et al.,
2017) which can be used to extend dynamic range and optimize
limits of detection. Microfluidics also enable stable laminar/low
Reynolds number flows with advantages in repeatable dosing and
accelerated diffusive mixing over shorter diffusion length scales.
Furthermore, dispersion (Aris and Taylor, 1956) can also be used
to create time or length dependent titrations (e.g., Rerolle et al.,
2013) and can smooth out the effects of flow rate variations
in matched pumps that would otherwise couple directly into
analytical signals.

However, the use of microfluidics does not, without
additional engineering measures, fully address the barriers
of complexity of operation and fragility/lack of robustness
common to reagent-based systems. Key challenges remain in
the production of reliable and matched microfluidic flow (rates)
into analytical devices to avoid variable dilution of sample
with reagents or incorrect assay dosing. This requires robust
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and precision pump and fluidic manifold design together with
well controlled valve backlash/elasticity (if valves are used).
Similarly addressing complexity of operation also requires
robust automation of setup, calibration, deployment, and post
deployment calibration procedures.

An example of the use of microfluidics, coupled with the
engineering measures to address use barriers (as above) is
the in situ lab on chip (LOC) technology developed at the
National Oceanography Centre (NOC), and the University of
Southampton (Beaton et al., 2012; Rerolle et al., 2013; Clinton-
Bailey et al., 2017; Geißler et al., 2017; Grand et al., 2017;
Mowlem et al., 2018, 2019) and now produced under license
by Clearwater Sensors Ltd.1 a startup and industrial partner in
bringing this technology to worldwide availability and further
developing its potential.

The technology is capable of making accurate determinations
of chemical and biological parameters that require reagents
and that produce an electrical, absorbance, fluorescence is a
subset of luminescence signal. As such it is suitable for a
wide range of environmental measurements. Whilst further
parameters are in development across this partnership, Nitrate,
Nitrite, Phosphate, Silicate, Iron and pH sensors are currently
available commercially.

Theses sensors use microfluidics (Mowlem et al., 2019) and
optics (Mowlem et al., 2018) combined in an optofluidic chip with
electromechanical valves and pumps mounted upon it to mix
water samples with reagents and measure the optical response.
Each type uses a different analytical chemistry method/assay
to access a different variable, but these are all based upon
certified or trusted existing gold standard laboratory methods.
This enables intercomparison with existing data sets and speeds
transition from sample-based measurements. All of the nutrient
sensors as well as the iron sensor carry with them small
volumes of standards and blanks allowing in situ calibration.
The pH sensor instead uses a stable and laboratory characterized
indicating dye obviating the need for in situ calibration. In
all of the sensors, drift is virtually eliminated and service
intervals extended to just short of the lifetime of the reagents
used which can be many months, or years in cold climates or
in the case of pH.

The hardware differences between the sensors are minimized
as all of the assays for nutrients, iron and pH use colorimetry.
The only differences between the variants are the fluidic layout
of the chip, the optics (e.g., LED wavelength and absorption
cell pathlengths) and minor electronics differences. The latter
are minimized by using multiple Printed Circuit Boards (PCBs)
with the main PCB containing the microprocessor and most
of the functionality common to all systems. Only smaller
daughter PCBs are specific to each variant. These accommodate
small differences in components, layouts and functions. This
use of common components enables improved robustness and
reliability (through more extensive testing and focused design
effort) in addition to economies of scale. An example of the
robustness enabled is the depth rating of this technology: 6,000
m for all variants offered commercially.

1www.clearwatersensors.com

The technology has already been deployed by the NOC, and
with their partners worldwide over 200 times including to depths
of ∼4,800 m, in turbid estuaries and rivers, and for up to a year
in seasonally ice-covered regions of the arctic. We briefly review
some of those deployments as well as presenting new data and
deployment information.

The public-private sector collaboration between the National
Oceanography Centre, the University of Southampton, and
the startup Clearwater Sensors Ltd. has been critical for
making this technology available to the ocean observing, and
wider water chemistry measurement customers/stakeholders.
Without commercialization, this technology could only be
produced in limited numbers and could only be deployed
in collaboration. Because of the legal status of the public
sector institutions, without commercialization the sensors
could not be offered easily for commercial sale nor with
indemnity or warranty. In addition, repetitive production
of a consistent product is also at odds with research
institutions remit for novelty and invention and there is a
risk because of constant innovation, that the technologies
developed would never be used at scale for the purpose
they were developed.

In contrast commercial partnership enables: investment
in productization and production, a focus on quality,
engineering and testing to ensure compliance with regulations
and standards (e.g., CE and ISO), customer support
and documentation, warranties and services including
calibration, servicing, reagent supply, installation support,
communication, and data solutions. Investment can come
from private funds, recycled sales income, or in limited
circumstances grant funding. In the latter case some funds
are only accessible if led by a company, and therefore
would be inaccessible to public sector institutions without
a commercial partnership.

Clearwater Sensors Ltd. has been founded by members
of the Ocean Technology and Engineering Group at the
National Oceanography Centre. The principal reasons for this
arrangement were to ease knowledge transfer and upskilling
of a commercial partner, and to reward/incentivize academic
staff who could otherwise see this activity as a distraction
from their core role. This has the effect of reducing the
knowledge transfer burden on the public sector partners as well
as shortening the time to market. It also enables the company
to continue to improve the product and make innovations
from a high knowledge base. To maximize the benefits for
the overall partnership improvements made by the company
can flow back to the public sector partners which benefits
further research, and also minimizes divergence in the technology
between the partners and duplication of effort. In addition,
the public sector partners benefit from commercial success
through license payments and other incentives for innovation
(e.g., UKRI Research Excellence Framework). The public sector
institutions now also have access to off the shelf products
to include in research work that focuses on applications,
whilst reserving their technology research and development
effort for innovations and research rather tie it up with
repetitive manufacture.
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MATERIALS AND METHODS

In this section we give details of the technology and
example deployments.

Technology
A photograph of sensor (in this case the silicate variant) with
cable attached is shown in Figure 1. And with reagent cartridge
disassembled in Figure 2. Fully assembled the sensor is 56 cm in
height. The advantage of a reagent cartridge is that the operator
does not need have the analytical chemistry experience or skills
required to make up reagents, standards, or blanks. The reagent
cartridge can be supplied as a unit to the user and spent cartridges
can be returned to Clearwater Sensors Ltd. for safe disposal of
waste and refilled for subsequent deployments. The use of wet
mating fluidic connectors enables cartridges to be easily swapped
in the field: simplifying and shortening field servicing. For some
deployments (see below) a cartridge may not be suitable because
of limited space in a vehicle for example, in which case individual
flexible tube linked storage bags can be used and packed into
available space.

The lower gray sensor’s housing has the microfluidic chip
as one of its endcaps. This arrangement minimizes the fluid
connections and shortens the connection to the environment.
This is advantageous for minimizing fluid consumption (because
of a reduction in the flushing requirement which increases with
long pipes due to dispersion) and also greatly reduces risks of
failure and leaks. The outer surface of the microfluidic chip has
fluidic connections for the input filter (typically 0.4 µm pore
size), the corresponding wet mating fluidic ports used with the
reagent cartridge, and connections for off chip components (for
example the reduction column for the nitrate variant). It also
hosts the wet mating electrical connector (SubConn MCBH8M,
MacArtney UK Ltd.).

The chip itself is formed from three layers of stray, scattered
and ambient light suppressing “tinted” polymethyl methacrylate
(PMMA) with tint optimized to each assay and location of each
layer (Floquet et al., 2011). Channels (typically 150 µm width)
and features, including pockets for Light Emitting Diodes (LEDs),
photodiodes, thermistors, waveguides, encapsulated fixing nuts,
and seats for pumps valves and PCBs, hydraulic pressure
compensation channels and mounting holes for electrical and
fluidic connectors are formed in the PMMA by micro-milling
prior to solvent mediated polishing and bonding (Ogilvie et al.,
2010). An advantage of this arrangement is that including
multiple absorption cells of differing lengths has little impact on
chip cost or production times, and this greatly improves both
the limits of detection (long cells, typically 25–80 mm long)
and range of linearity (short cells, typically < 1 mm long).
Thus, a single chip can offer excellent metrology across wide
concentration ranges with very simple and hence robust optical
cells (LEDs and photodiode pairs). For example, the nitrate
sensor variant has a limit of detection of 20 nM (0.28 mg/L as
Nitrate) and a linear range to 1 µM (14 mg/L as Nitrate): a
ratio of 1–50,000.

The sensor housing is formed from PVC, is watertight,
oil filled and includes an elastomeric membrane/bellows to

compensate for volume changes due to temperature and pressure
variation. In this way the internals of the sensor are also
at ambient (submerged) pressure and there is no differential
pressure on the end cap. This cost-effective setup enables the
polymer housing and chip/endcap to survive extreme ambient
pressures of the deep sea (tested to 6,000 m). Polymers are also
resistant to corrosion (including in high salt brines), are stable
over environmental temperature and pH ranges. In addition,
the inclusion of a compensating oil and bladder system enables
mitigation of combined effects of pressure and temperature in
both cold high-pressure deep-sea and warm low-pressure surface
ocean environments. Prior to previous deployments (which are
summarized in section “Applications and Deployments”) this
concept was tested within the temperature controlled hyperbaric
facility at NOC (−10◦C to+35◦C, 0–70 MPa) and optimized.

On the inner surface of the chip are mounted valves
(LFNA1250125H, Lee Co., United States) and bespoke syringe
pumps with multiple pump barrels driven by a single sliding plate
via a stepper motor. This arrangement ensures that the ratios of
reagent to fluid analyzed (sample, standard, blank) remain fixed
and with very low variability: otherwise for the nutrient and iron
sensors any relative variation in pump flow rates couples directly
into noise in the measurement by analyte dilution with reagent.
The pump is controlled with position feedback.

Also mounted on the inside of the chip are the microprocessor
and daughter PCBs. The microprocessor PCB is based on the low-
power Microchip (previously Atmel) SAM4L utilizing an ARM
Cortex-M4 chipset (Microchip, United States) and performs all
logging and control scheduling functions. It controls the pumps
and valves and interfaces with the daughter boards which have
variant specific combinations of LED drivers, analog electronics
(for photodiodes and thermistors for on chip temperature
measurement) and analog to digital conversion (16 bit). The
electronics store all raw data (flash memory card) and can stream
processed data when deployed over RS232 via the electrical
connector (SubConn MCBH8M, MacArtney UK Ltd.). The
latter enables connection to ocean vehicle/observing platforms
or communication systems for near real time data relay.
Clearwater Sensors Ltd also offer GSM and other communication
solutions/hardware. A key feature of the electronics is their
specification to work in oil at ambient pressure (tested to 6,000
m) and hence they do not need protecting in a pressure case. This
has cost, weight and robustness advantages.

The sensors do not have an internal battery other than a small
reserve to preserve the operation of the real time clock. The
external power required is 12 v (10–16 v) and a typical power
consumption of 1.8 W. Each measurement typically consumes
∼500 J and hence a deployment with 2,000 measurements of
samples and/or calibration materials requires 1,000 kJ (∼23 Ah)
battery capacity at operation temperature. Such batteries are
widely available including in deep-sea rated versions.

The sensors are setup and programmed via a Microsoft
Windows Graphical User Interface application that enables the
user to pick and adjust a range or predefined schedules or
to specify when the sensor is quiescent, sampling, flushing or
making standard and blank measurements. These “states” can
also be triggered via the RS232 interface and the GUI enables
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FIGURE 1 | Photograph of a silicate sensor (Clearwater Sensors Ltd., total height 56 cm) connected to a deployment cable which is then connected to a lab cable
for connection to a bench power supply and PC for testing/calibration. The USB connection is used for setup and download of raw data, while RS232 can provide
real time processed data in the field. The upper part including a larger gray collar and white tube is a reagent cartridge containing standards, blanks, reagents and
waste storage capacity (all waste is captured). The lower gray cylindrical part houses the microfluidics, optics, pumps, valves and electronics (the sensor itself).

this to be setup, e.g., to respond to environmental conditions or
external communications. In this way the sensors can form part
of a smart sensing network.

Variants and Assays Used
Table 1 summarizes the assays used, power requirements and
performance for each currently commercially available variant.
In all cases the commercial versions of the instruments are
developed from the research devices in the published literature
and from the public sector partners know how. Changes
include reduced diameter of the chip to match stock tube
internal diameter of 4” (101.6 mm, from 119 mm) to aid
manufacture and reduce waste (swarf) in housing production, a
rework of the electronics to replace legacy/obsolete components,

improved positioning and conformal coating of the electronics
to enhance robustness, new valve component ported for better
response to dynamic pressure changes and oil filling, new valve
electrical connection.

The nitrate and nitrite sensor developed from Beaton et al.
(2012, 2017b), Yuecel et al. (2015), and Vincent et al. (2018)
uses the Greiss assay which detects nitrite by diazotization with
sulphanilamide and subsequent coupling with N-(1-naphthyl)-
ethylenediamine dihydrochloride (NED) to form an intensely
colored azo dye. Nitrate is reduced to nitrite using a copperised
cadmium column in the presence of an imidazole buffer.
To aid safety and recyclability this is formed from a solid
cadmium/copper tube that is processed to reduce internal volume
and encapsulated in epoxy resin. It is attached to the chip
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FIGURE 2 | Photograph of a silicate sensor (Clearwater Sensors Ltd.) shown with reagent cartridge (white) separated from the sensor (gray).

via connecting tubes on the outside face and can therefore be
removed for recycling (e.g., returned to Clearwater Sensors Ltd.).
The encapsulation ensures users do not come into contact with
the cadmium and concentrations of this metal in the waste are
low, and all of the waste is retained and is returned together with
the depleted cartridge.

The phosphate sensor, developed from Clinton-Bailey et al.
(2017); Grand et al. (2017), and Birchill et al., 2019) utilizes a
modified molybdenum blue assay which in its standard form
(Nagul et al., 2015) is used widely to determine an operationally
defined Soluble Reactive Phosphorus (SRP) frequently referred

TABLE 1 | Summary of LOC sensor variants assays used and performance.

LOC sensor
variant

Analytical
method/assay

LOD/precision* Max
power/energy

per
measurement

Nitrate +

nitrite
Griess assay (with
Cd reduction)

20 nM 1.8 W, 500 J

Phosphate Molybdenum blue
(modified)

40 nM 1.8 W, 500 J

Iron (II), Iron
(III)

Ferrozine [with
ascorbic acid
reduction for Fe (III)]

<20 nM 1.8 W, 500 J

Silicate Silicomolybdic acid 0.75 µM 1.8 W, 500 J

pH Spectrophotometry
using purified
meta-Cresol Purple

*0.001 pH 3 W, 1300 J

*denotes precision (rather than limit of detection).

to in the literature as PO4
3− by convention. Key adaptations for

in situ use include proprietary catalyst and surfactants able to
work over the full operational temperature and salinity ranges. In
contrast to the previous published literature, this improved assay
enables accurate determinations below 5◦C.

The silicate sensor uses a novel proprietary formulation based
on the standard assay (see segmented flow analyser method
in Birchill et al., 2019) which is based on the formation of
silicomolybdic acid by reaction with ammonium molybdate
tetrahydrate in an acidic solution including sulphuric and
oxalic acids as well as surfactants and stabilizing agents.
Optimisation of the assay has focused on performance over a
wide range of environmental conditions including minimizing
interference from phosphate.

The iron sensor developed from Geißler et al. (2017) uses an
assay with a buffered ferrozine solution and a ferrozine/ascorbic
acid mixture for Fe(II) and labile Fe(III) analyses, respectively.
The commercial version of this sensor employs both an
acidification step and a longer assay development (wait) time
in the protocol as suggested in Milani et al. (2015); Geißler
et al. (2017) which as anticipated resolves the low and variable
recovery of DFe [Fe(II)+Fe(III)] they encountered without
these modifications.

The pH sensor developed from Rerolle et al. (2013, 2018) has
been fully implemented in the common lab on chip platform,
including the use of on chip mounted LEDs and the 6,000 m rated
infrastructure. The device uses a spectrophotometric assay using
purified meta-Cresol Purple. Unlike all the other assays above,
pH determination does not use in situ calibration using standards
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and blanks, nor does it use stopped flow analysis to allow time
for reaction in an axially homogenous sample contained in an
absorption cell. Instead pH is determined in continuous flow
where a range of indicator dye concentrations are produced as
a function of time through dispersion of an injected slug of dye
upstream of the optical cell. The dye response at a range of
concentrations is measured at two wavelengths corresponding
approximately to the absorbance maxima of the protonated and
unprotonated forms of the dye. The pH is a function of the ratio
of these absorbances, but to achieve high accuracy the measured
ratio of a purified and standardized dye is corrected for (a) the
effects of perturbation in pH by the presence of the dye; and
(b) the mismatch of the optics (ideal 578 nm vs. 590 nm in
the device). The former is achieved by regressing in situ data
at a range of dye concentrations back to the y intercept (zero
dye) whilst the latter is corrected by laboratory calibration at
a range of temperatures using high accuracy TRIS/HCl buffers.
A correction is also required if the detection in the optical cell is at
a different temperature to ambient. The effect of these corrections
is to improve accuracy to better than 0.006 pH units at pH 8.5
with no temperature difference (≤0.009 pH units with typical
temperature differences) for example. This compares to a stated
accuracy of 0.050 pH units for best in class commercial ISFET
based pH sensors. In addition, the drift of the spectrophotometric
method is negligible.

Deployments
The sensors have been deployed over 200 times by the NOC.
This has enabled the sensors to reach Technology Readiness
Level 7 (TRL 7, see ISO 16290:2013) prior to commercialization
through real world fault finding and robust engineering response
over many years.

Because of strong user demand as well as excellent metrology
performance with certified or widely accepted assays, robustness,
depth capability, low power, small size, low reagent consumption,
low (and fully captured) waste, long duration, ease of integration
and ease of use; the sensors have also been deployed widely
in applications delivering data for science and stakeholders.
Examples are given in section “Results.”

Integration is enabled either by simple mechanical integration
(e.g., with brackets) and connection to a battery/power source or
by utilizing the power and communications (RS 232) interface
provided. For the latter a command set enables external control
and triggering of pre-programmed states as well as either
platform driven (polled) or sensor-initiated transfer of data.

For the first of the deployments detailed in this paper, the
nitrate analyser was deployed at an Environment Agency gauging
station on the River Avon (Hampshire, United Kingdom),
between 15th October 2014 and 15th October 2015. It collected
hourly nitrate data (subject to some short gaps) for the entire year.
Data was telemetered in real time via a YSI Storm logger. The
sensor was visited every 3 months in order that the reagents and
onboard standard could be changed, the waste bag emptied, and
the inlet filter changed. The analyser and the cadmium reduction
tube were not changed for the entire year.

The accuracy of the nitrate analyser is dependent on the
stability of the onboard calibration standard. In this case,

the onboard standard (300 µM) was preserved using 0.1%
chloroform. Subsamples of the standard were analyzed before
and after each deployment, and no evidence of degradation
was found over the duration of the deployment. Co-samples
were collected by the Environment Agency, and as part of the
Macronutrient Cycles program (Panton et al., 2020).

For the second example data set a nitrate and phosphate
sensor were deployed at approximately 1 m depth off a pontoon
in Empress Dock, Southampton United Kingdom in December
2016. No manual sampling or reference measurement were
made: the sensors were simply deployed following analysis of the
onboard standards and blanks which provide in situ calibration.

For both deployments A YSI EXO2 sonde was
deployed alongside nutrient sensors to collect temperature
and salinity data.

RESULTS

Applications and Deployments
We summarize here some of the over two hundred deployments
undertaken with the in situ chemical sensor technology
described above.

Thirty-three LOC sensors were deployed in total measuring
Dissolved Inorganic Carbon (DIC), Total Alkalinity (TA),
pH, nitrate and phosphate on a variety of platforms/vehicles
throughout the STEMM-CCS experiment (Research expedition
JC180 in particular) (Flohr et al., 2021). This ambitious but
successful experiment demonstrated the ability to monitor and
quantify the integrity of offshore Carbon Capture and Storage
(CCS) reservoirs through detecting and measuring the chemical
signature of a simulated (but in operation extremely unlikely)
leak. A leak was simulated by injecting a known volume of CO2
into the sediments at a depth of ∼3 m in the region of the
proposed Goldeneye CCS reservoir (Dean and Tucker, 2017),
a depleted field offshore from Scotland in the Outer Moray
Firth (North Sea). LOC sensors made measurements at various
locations around the site of CO2 release to both determine the
spatial extent of the releases impact and quantify the release.
Sensors were fully integrated with the ROV Isis (German et al.,
2003) and benthic landers. These were deployed to measure
baseline chemical characteristics and also to quantify the volume
of CO2 released. For example, the pH sensors were used to
quantify vertical gradients in pH upstream and downstream
of the benthic release and in combination with hydrodynamic
measurements to calculate CO2 flux (Schaap et al., 2021). The
ability to detect a leak at very low release rates was demonstrated
(14 kg/day) well below the suggested 0.01%/year of stored gas
proposed in the literature (Hepple and Benson, 2005) which
would equate to 274–5,480 kg/day in year 1 and after 20 years
of injection, respectively, for this site (Flohr et al., 2021).

The sensors have been deployed on some of the smallest
and lowest power platforms used in oceanography including
on profiling floats as part of the SenseOcean project (614141,
FP7, EU) where profiles of nutrients were obtained in the
Mediterranean. They have also been deployed on ocean gliders
numerous times including nitrate sensing on a Kongsberg
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Seaglider (Vincent et al., 2018) where the sensor was fully
integrated with the glider electronics allowing command and
data transfer and enabling nitrate data to be transmitted to
shore via the glider’s communication capability. There was
“excellent agreement between the LOC and shipboard nitrate +
nitrite measurements (r2 = 0.98, n = 11)” and the sensor data
revealed nitrate uptake due to phytoplankton spring bloom. The
combination of sensor and glider enabled accurate data at high
resolution, on both spatial and temporal scales. A phosphate
sensor has been integrated with a Seaglider as part of the AlterEco
project (NE/P013899/1, NERC, United Kingdom) completing a
120 km transect in North Sea in 44 days observing reduction
in surface concentrations and variations in the bottom mixed
layer (Birchill et al., 2021). A pH sensor was also integrated
into a Seaglider (iRobot/Kongsberg, part of the UEA fleet,
United Kingdom) and used in the North Sea for 10 days
together with O2 and salinity data to derive CO2 content air
sea fluxes of oxygen and CO2 demonstrating high spatial and
temporal resolution (Possenti et al., 2021). The sensor platform
has also been integrated with a Slocum glider (Teledyne Webb,
United States) and demonstrated (with a nitrate sensor) as part of
the project AutoNuts (NE/P020798/1, NERC, United Kingdom).

The sensors have also been deployed by scientists external
to the Ocean Technology and Engineering Group at NOC who
developed them. For example, a silicate and nitrate sensor were
deployed for a year on a mooring at the site of the US NSF
funded Ocean Observatories Initiative (OOI) Southern Ocean
Array for over a year and returned excellent data funded by the
CUSTARD project (NE/P021247/2, NERC, United Kingdom). In
another deployment, a nitrate + nitrite and a separate nitrite
sensor were deployed in the Mauritanian oxygen minimum zone,
offshore Western Africa (Yuecel et al., 2015). Here sensor data
augmented with oxygen and physical data enable observation of
cross-shelf transport contributing to the understanding of the
benthic biogeochemical dynamics.

Sensors have also been deployed at physical and geographical
extremes including: to depths of∼4,800 m [nitrate (Stinchcombe,
2017), phosphate (Ruhl, 2018), Total Alkalinity and pH
(Hartman, 2019)] at the Porcupine Abyssal Plain Sustained
Observatory (PAP-SO, 49N 16.5W) in the north-west Atlantic
Ocean, in ice littered and sediment laden pro-glacial melt
waters (Beaton et al., 2017b) as well as in rivers and estuaries
(see example data).

A promising recent development is the integration of large
numbers of sensors in medium sized autonomous underwater
vehicles and their use in autonomous surface vehicles. For
example, the OCEANIDS project (Industrial Strategy Challenge
Fund, BEIS, United Kingdom) and the allied sensors projects
AutoNuts (NE/P020798/1, NERC, United Kingdom) and
CarCASS (NE/P02081X/1, NERC, United Kingdom) have
enabled the integration of 9 different lab on chip sensors [DIC,
TA, pH, nitrate, nitrite, phosphate, silicate, iron (Ferrozine
method), trace iron (luminol method)] into the Autosub
Long Range (ALR) platform (Furlong et al., 2012; Roper
et al., 2017; Salavasidis et al., 2019) as well as up to two
sensors at a time (including a new ammonia LOC sensor)
into a Waveglider SV3 (Liquid Robotics, United States). Such

capability opens the possibility of measuring all the major
inorganic chemical variables in biogeochemical models
over wide spatial and temporal scales from the surface
to the deep ocean at a fraction of the cost and carbon
expenditure of traditional ship-based sampling and laboratory
analysis-based monitoring.

Example Data
A subset of the nitrate data returned from the LOC nitrate
sensor deployed at the Environment Agency gauging station
on the Hampshire Avon in 2014/15 is shown in Figure 3.
The nitrate sensor data (top panel, blue line) shows excellent
correlation with traditional manual and laboratory analyzed
samples (red discs). The differing frequency of these two data
sets demonstrates the advantage of a sensor in returning high
temporal resolution data with reduced logistical effort (∼3
monthly site visits). The consistency of the sensor data also shows
there is no loss in accuracy before or after replenishment of
reagents (approximately at the same time as manual samples in
end December, end February and early June). Operation in water
at 500 µS/cm conductivity underlines the ability of the sensor
and assay to work across a wide salinity range. Whilst there
are common features and timing of dilution events in both the
nitrate and conductivity data, there is not a direct correlation
across the data set. For example, nitrate levels are supressed
more than conductivity in the months at the beginning and
the end of the dataset. There are also periods of a pronounced
diurnal signal (in April particularly) in the nitrate data which
are not present in the conductivity data. This difference
is not simply explained by discharge/river flow emphasizing
the utility of chemical sensors in greater understanding of
biogeochemical fluxes, processes and concentrations within a
river catchment.

Example data from nitrate and phosphate sensors deployed
in Empress Dock in 2016 is show in Figure 4. The top panel
with blue line shows the nitrate concentration recorded by a
LOC sensor whilst the middle and bottom panels show LOC
phosphate and EXO2 derived salinity, respectively. There is no
manual seawater sampling in this data set, the sensors were
simply deployed following analysis of the onboard standards
and blanks which provide in situ calibration. Best practice is to
measure sensor performance against a nutrient reference material
or measure sample(s) of the standard solutions analyzed against
reference materials in accordance with recommendations by
SCOR working group 147.2 Data from previous deployments
(e.g., above) has underlined confidence that analysis of the
standards and blanks is sufficient to assure the accuracy of
the data produced. The data show an approximate inverse
relationship between salinity and both nitrate and phosphate
which illustrates dilution of high concentration freshwater
inputs with lower concentration sea water in the estuarine
setting. However, there are significant deviations from a direct
correlation between nutrients and salinity, with nitrate and
phosphate showing different features. Sources of these differences
will include differing benthic fluxes, temporal variation in both

2https://scor-int.org/group/147/
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FIGURE 3 | A ∼7.5 month subset of a year-long data series (Nov 2014–late June 215) from the deployment of a Lab On Chip nitrate sensor, and reference physical
sensors at an Environment Agency gauging station on the Hampshire Avon. Data sourced from BODC archive (Beaton et al., 2017a). Top panel shows sensor nitrate
timeseries (blue line) and discrete spot samples (red discs). The middle and bottom panels show conductivity and river discharge timeseries, respectively.

river and seawater inputs and local inputs of nutrients, e.g.,
from direct rainwater/waste water inputs in the region as well as
directly into Empress Dock.

FIGURE 4 | A 3 day timeseries of sensor nitrate and phosphate together with
salinity (EXO2, YSI, United States) from deployment in Empress Dock,
Southampton, United Kingdom in December 2016. The top panel with blue
line shows the nitrate concentration recorded by a LOC sensor whilst the
middle and bottom panels show LOC phosphate and EXO2 derived salinity,
respectively.

DISCUSSION

The principal findings from this work are that with sufficient
attention to robustness, and extensive testing and feedback
into design, reagent-based sensors can progress the Technology
Readiness Level scale to proven commercial products (TRL 9)
and can deliver unique high spatial and temporal resolution
data sets from our oceans and seas. This is also possible in the
deep-sea and in inhospitable environments such as high turbidity
and low (icing) temperatures. Further the use of microfluidics
allows processing of low (hundreds of microliters to 2 mL) of
sample, and smaller volumes of reagent per sample enabling
all waste to be captured even for deployments of months to
years. Despite the narrow channels used in the sensors (typically
150 mm × 300 mm) biofouling has not been seen to impact the
quality of the data produced. If this were encountered in the
future, the inlet filter is the vulnerable element, with clogging
and a change in the chemical environment (e.g., nutrient uptake,
respiration/photosynthesis and change of [CO2]/pH) possible.
However, because of the ability to automate variations to the
fluid flow within the chip it is possible to backflush and even
clean the filter in situ should this be an issue. In many settings
the sensor is regularly (e.g., ∼3 months in the example data
from the Hampshire Avon, Figure 3.) retrieved and reagents
replaced and a conservative approach is to replace the inlet
filter at this time. However, it should be noted that operations
producing long datasets where this measure is not possible (e.g.,
the CUSTARD mooring deployment of nutrient sensors for > 12
months as reported in section “Results” above) have not shown
vulnerability to fouling.

For many oceanographic applications the combination of a
small, low power sensor and an autonomous vehicle presents
a cost effective method for large spatial and temporal scale
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data collection. This approach can enable high spatial and
temporal biogeochemical data acquisition, alongside existing
physical sensing on the host vehicle. A promising approach,
for minimizing both the cost of deployment and also carbon
emissions from operations, is to remove the requirement of a
research ship to make sensor deployments by hosting the sensors
on a shore or small/coastal boat launched vehicle. As has been
reviewed above, the LOC chemical sensors have been successfully
integrated into various ocean gliders, surface vehicles and even
a profiling float. A powerful capability is generated by the use
of multiple sensors in a shore launched autonomous vehicle,
such as Autosub Long Range (see above) where it is possible
to include sensors for all of the chemical variables represented
in biogeochemical models. As has been demonstrated in the
STEMM-CCS project such chemical sensing can also be used
for verification of offshore CCS reservoir integrity. The ability
to do surveys for this purpose with shore launched autonomy
is a powerful tool in reducing the cost and carbon footprint of
reservoir monitoring which would otherwise reduce the carbon
storage and cost efficiency of this approach.

An advantage of the deployment of chemical sensors, and
the upscaling in spatial and temporal resolution of the data is
that events, patches and transitions in biogeochemistry can be
observed at greater detail. Without high frequency data, features
such as diurnal and tidal signals in estuarine environments
(e.g., Figure 4) would be missed entirely by daily or weekly
sampling. Events such as pollution events, storm water runoff,
or progression of planktonic blooms can also be captured and
observed in near real time (e.g., using communication systems
such as the in the Hampshire Avon and Seaglider deployments
above) enabling redirection of monitoring effort or management
response (e.g., harvesting in aquaculture).

Reagent based sensors, particularly those with in situ
calibration, offer superior performance (particularly accuracy
and limits of detection) when compared to existing optical (e.g.,
nitrate sensors based on reagent-less UV spectrophotometry;
Finch et al., 1998; Johnson and Coletti, 2002) and electrochemical
sensors (e.g., Johnson et al., 2016; Briggs et al., 2017; McLaughlin
et al., 2017; Gonski et al., 2018; Takeshita et al., 2018). However,
the in situ calibration of electrochemical sensors is a promising
advancement for improved accuracy (Bresnahan et al., 2021)
if somewhat at the expense of complexity. A key advantage of
reagent-based sensors remains the ability to use certified, or
widely accepted assays, and to access the majority of chemical
variables required by users and stakeholders.

Research currently underway to continue to extend the
capability of the LOC technology includes: further reductions in
power and reagent/sample consumption, modifications to enable
faster measurements. The current sensors report a value in 3–
10 min depending on the assay. Simple multiplexing (Ogilvie
et al., 2011) has been demonstrated as a possible solution and
is being developed for in situ deployment. An alternative is to
combine the accuracy of the reagent-based sensors with faster,
but less accurate (e.g., electrochemical pH) sensors and using
data fusion produce both a high resolution and accurate dataset.
This approach is in active development as part of the CarCASS
project for example.

The ability to manipulate fluids and observe electrical and
optical responses can also be used for biological detection
such as cytometry (Benazzi et al., 2007; Barat et al., 2012)
of phytoplankton or molecular analysis of organisms or
biomolecules (Loukas et al., 2017; Walker et al., 2017). Whilst
each new assay presents its own challenges (such as the
lifetime of molecular assay reagents Loukas et al., 2017) the
use of microfluidics is attractive for enabling higher spatial and
temporal resolution data for these variables also.

Partnership with a company enables the capability of this
technology to reach a wider audience/user group and ensures
its continued improvement and progression to high Technology
Readiness Levels. In addition, partnership unloads research teams
from the burden of routine manufacture, enables additional
investment and innovation funding, and provides mechanisms
to incentivise and reward further exploitation and innovation.
By including the inventing team in commercial partnerships
the benefits include improved knowledge transfer and reduced
time to market. However, this requires careful navigation
of conflicts of interest but this is possible if given due
time and attention.
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