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Advancing our understanding of ocean biogeochemistry, biology, and ecosystems 

relies on  the ability to  make observations both  in the ocean and at  the critical 

boundaries between the  ocean and other earth systems at  relevant spatial and 

temporal scales. After decades of advancement in ocean observing technologies, 

one of the key remaining challenges is how to cost-effectively make measurements 

at the increased resolution necessary for illuminating complex system processes and 

rapidly evolving changes. In recent years, biogeochemical in situ sensors have been 

emerging that are threefold or more lower in cost than established technologies; the 

cost reduction for many biological in situ sensors has also been significant, although 

the absolute costs are still relatively high. Cost savings in these advancements has 

been driven by miniaturization, new methods of packaging, and lower-cost mass- 

produced components such as electronics and materials. Recently, field projects 

have demonstrated the potential for science-quality data collection via large-scale 

deployments using cost-effective sensors and deployment strategies. In the coming 

decade, it is envisioned that ocean biogeochemistry and biology observations will be 

revolutionized by continued innovation in sensors with increasingly low price points and 

the scale-up of deployments of these in situ sensor technologies. The goal of this study 

is therefore to: (1) provide a review of existing sensor technologies that are already 

achieving cost-effectiveness compared with traditional instrumentation, (2) present case 

studies of cost-effective in situ deployments that can provide insight into methods for 

bridging observational gaps, (3) identify key challenge areas where progress in cost 

reduction is lagging, and (4) present a number of potentially transformative directions for 

future ocean biogeochemical and biological studies using cost-effective technologies 

and deployment strategies. 
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TABLE 1 | List of essential ocean variables (EOVs) and relevant variables identified 

by the Global Ocean Observing System (GOOS) Expert Panels, based on criteria 

taking into account relevance, feasibility, and cost effectiveness (adapted from 

http://www.goosocean.org). 

 
 

EXISTING COST-EFFECTIVE SENSING 
TECHNOLOGIES FOR 
BIOGEOCHEMICAL EOVS AND 
RELEVANT PARAMETERS 
 

 

Dissolved  Oxygen 

µ −

Biogeochemistry Biology and ecosystems 
 

Oxygen∗ Phytoplankton biomass and diversity∗ 

Nutrients∗ Zooplankton biomass and diversity∗ 

Inorganic carbon∗ Fish abundance and distribution∗
 

Transient tracers Marine turtles, birds, mammals abundance and 

distribution∗
 

Particulate matter∗ Hard coral cover and composition 

Nitrous oxide Seagrass cover and composition 

Stable carbon isotopes Macroalgal canopy cover and composition 

Dissolved organic carbon Mangrove cover and composition 

Ocean color Ocean Sound∗
 

∗ Parameters included in this review. 

∼ ∼ µ −
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TABLE 2 | Characteristics of cost-effective in situ sensing technologies for biogeochemical and biological parameters. 

 

Parameters Cost-effective sensing 

technology 

Traditional cost 

level 

Cost-effective 

level 

TRL for cost-effective 

sensors1
 

Availability for 

cost-effective sensors2
 

DO Luminescence quenching 

(optode) 

$$$ $ 5 Individual researchers 

 Clark-type electrode $$ $ 9 Individual researchers; 

commercial 

pH Spectrophotometric $$$ $ 7 Individual researchers; 

commercial 

 Spectrophotometric N/A3
 $$ (Lab-on-a-chip) 7 Individual researchers; 

pre-commercial 

Nitrate      
 Electrochemical $$$ $ 6 Individual researchers; 

commercial 

 Fluorescence $$$ $$ (Lab-on-a-chip) 5 Individual researchers 

Ammonia/Ammonium Lab-on-a-chip (colorimetric) N/A $$ 6 Individual researchers; 

pre-commercial 

 Reagentless/electrochemical N/A $$ 5 Individual researchers 

Phosphorous Lab-on-a-chip (colorimetric) N/A $$ 7 Individual researchers; 

pre-commercial 

 Reagentless/electrochemical N/A $$ 6 Individual researchers; 

pre-commercial 

Particle and POC OBS $$ $ 8 Commercial 

 ABS $$ $ 8 Commercial 

Phytoplankton biomass Fluorometric $$$ $$ 9 Commercial 

Plankton4
 Optic (microplankton size 

fraction >10 µm) 

$$$$$ $$$ 4 Individual researchers 

 Optic (mesoplankton size 

fraction >100 µm) 

$$$$$ $$ 7 Individual researchers 

Commercial 

Zooplankton and fish 

abundance and distribution 

Acoustic $$$$$ $$$$ 9 Commercial 

Microbes, phytoplankton 

and zooplankton 

Genetic $$$$$ $$$$ 5–6 Individual researchers 

Commercial 

$–$$$$$ signs: relative sensor cost level. 1 Technology readiness level (TRL). These are estimated TRLs based on literature review. 2 See text for more details. 3 Not 

applicable. 4 Phytoplankton and zooplankton biomass and functional diversity. 
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FIGURE 1 | Left: Miniature dissolved oxygen optode assembly (left) in a bio-logging tag platform. The ruler scale is in centimeters. Right: O2 sensing cube 

(PreSens, Germany) (courtesy by Dr. Z. A. Wang, WHOI, United States). 
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FIGURE 2 | Left: iSAMI pH sensor by Sunburst Sensors, LLC. Right: The in situ testing of iSAMI pH over 6 days (courtesy by Dr. M. DeGrandpre, University of 

Montana, United States). 

 
 

 
 

FIGURE 3 | Sunburst pHyter, a hand-held pH meter, with controlling mobile app (courtesy by Dr. M. DeGrandpre, University of Montana, United States). 
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FIGURE 4 | Left: A USF-USGS hand-held pH photometer. Right: Photometer (Unit 115) calibration curve of absorbance ratio RB against spectrophotometrically 

determined absorbance ratio RN (courtesy by Dr. R. H. Byrne, University of South Florida, United States). Absorbance ratio RB is a function of water pH. The dotted 

line represents the polynomial best fit, Y = 00679x2 + 0.8783x + 0.0021; R2 = 0.9971. 
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FIGURE 5 | Labeled photograph of a LOC nitrate sensor microfluidic and 

optofluidic manifold (aka the chip). This 12 cm diameter chip is shown in clear 

Polymethylmethacrylate (PMMA) to aid visualization. Operational devices are 

made in tinted PMMA to suppress stray, scattered and ambient light (Ogilvie 

et al., 2010; Floquet et al., 2011). 

− 
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Underwater Bio-Acoustics 
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FIGURE 6 | He‘eia Fishpond, Oahu, is an 800-year old, 88-acre coastal walled estuary. Sluice gates (mā kā hā s) allow for tidal exchange with adjacent Kaneohe Bay. 

Paepae o He‘eia (PoH) is a local non-profit organization dedicated to the cultural and environmental restoration of the pond (photo courtesy by Paepae o He‘eia). 

 
 

 
 

FIGURE 7 | Low-cost temperature compensated ultrasonic sensor mounted above the water level in a He‘eia Fishpond mā kā hā  (upper right inset) provides 

near-real-time tidal observations (red, solid line) that compare well with nearby US NOAA tide gauge observations (yellow dashed) and show promise for generating 

site-specific tide predictions using open-source Python software package, uTide (black, dashed line). 
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CHALLENGING AREAS: TECHNOLOGIES 
WHERE INNOVATION IS NEEDED FOR 
COST REDUCTION 

 

 

Optical  Sensors for in situ Plankton 
Monitoring 

µ

µ

<

∼ µ

< µ

 

 

 
 

FIGURE 8 | (A) Squid with iTag, a novel biologging ecosensor (midground). A companion squid without an AnBS is seen in the foreground. (B) Jellyfish with a 

different iTag version. (C–D) iTag data showing general light evaluation from the light sensor, and movement patterns form the 3D accelerometer. Gray is 

instantaneous peak values and bars are 1 h RMS values. (D) A Fourier transform of accelerometer data showing the occurrence rates of the various accelerometer 

events with the star shown in the inset [adapted with permission from Mooney et al. (2015)]. 
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FIGURE 9 | The third Generation ESP fits into the nose of a Glider i.e., Long-Range Autonomous Underwater Vehicle (left photo courtesy of Bill Ussler; right, 

courtesy of Ben Raanan). 
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Remaining  Challenges: Power and Data 
Management 

 

 

Roadmapping: Accelerating Transfer of 
New Technologies to Users 
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