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Contextual Setting: 

The impact of climate change on the environmental and economic security of marine resources 

has now entered the public and political discourse.  The sectors of the marine industry that must 

make both short and long-term operational decisions under conditions of uncertainty regarding 

both the magnitude of ecological change and the response in governing policies, seek sources of 

trusted information which can guide their investments.  The shellfish industry is a significant sector 

of the seafood industry, especially in the Puget Sound region of Washington State. This research 

identifies the water quality monitor needs of shellfish farmers and designs a prototype sensor suite 

at a favorable price point to provide both operational and long-term data for investments in light 

of uncertain localized climate change impacts. 

 

Introduction 

Background 

 

As the nation’s leading producer of farmed bivalves, (including clams, oysters, and 

mussels) Washington State’s shellfish industry contributes significant economic value to the state. 

Altogether, the seafood industry in Washington state generates over 42,000 local jobs and 

contributes at least $1.7 billion to gross state product through profits and employment at 

restaurants, distributors, and retailers (U.S. Department of Commerce, National Atmospheric and 

Oceanographic Administration, 2011). In addition to their statewide economic importance, 

shellfish are a fundamental to tribal cultures and economies, as well as contributing to recreational 
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opportunities and tourism (Washington Sea Grant, 2015). Furthermore, shellfish are an integral 

component of marine ecosystems, providing habitat, increasing biodiversity, and helping to filter 

water.  

As shellfish feed, they increase the clarity of the water, which allows more sunlight to 

penetrate deeper in the water column, promoting the healthy growth of habitat-critical organisms 

such as seagrasses. Seagrasses help to stabilize the seafloor from erosion, provide a food source, 

and maintain better water quality. When shellfish are harvested, their nutrient uptake is also 

removed from the marine environment, so they act as a nutrient sink, helping to compensate for 

potentially damaging excess nutrient runoff in coastal areas that cause harmful algae blooms and 

hypoxic zones (WSI, 2018). 

 Shellfish in the Northwest are at risk to the changing climate, specifically, the acidification 

of ocean water. Since the Industrial Revolution, atmospheric CO2 levels have proliferated. A third 

of this CO2 is absorbed by the ocean where it 

reacts with H2O and protonates the water (Doney, 

2008). As seen by the reaction: 𝐶𝑂2 (aq)+ 𝐻2𝑂 ↔ 

𝐻2 𝐶𝑂3 ↔ HCO3
- 

+ H+
, there is an excess of 

hydrogen atoms yielding from anthropogenic 

CO2, which then results in ocean acidification 

over time (Figure 1).  

In most normal ocean water conditions, formation of CaCO3(S) calcification), is 

thermodynamically favored by the abundance of the reactants: dissolved calcium ([Ca
2+

]), and 

Figure 1.  As carbon dioxide rises in the atmosphere, some of it dissolves into 
seawater, increasing the CO2 concentration there as well. As CO2 dissolves in 
the ocean, it reacts with water to form hydrogen ions, which drive the pH 
down. (Picture rights to NOAA PMEL Carbon Program) 
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carbonate ([CO3
2-

]) ions. However, as atmospheric CO2 rises, ocean carbonate availability 

decreases, causing the energetic favorability of CaCO3(s) to lower. The carbonate is being 

consumed in the dissolved CO2 reaction with water, and thus impedes calcification (Barton, A. et 

al., 2012). 

Washington’s marine waters are especially vulnerable to ocean acidification due to the 

natural physical processes of ocean circulation that intensify the acidifying effects of global 

atmospheric carbon dioxide. Coastal upwelling is one of the most important regional factors, 

because it brings offshore water from the deep ocean onto the continental shelf, and into the Puget 

Sound. This water is naturally rich in dissolved carbon dioxide with a low pH, and an abundance 

of nutrients (Washington State Blue Ribbon Panel on Ocean Acidification, 2012, Figure 2).  In 

addition, nitrogen loading and 

other organic-matter inputs 

from local sources as well as 

upwelled waters fuel algae 

growth. In turn, this decreases 

oxygen levels and increases 

CO2 levels in the water 

(WSDOE). Combined with the right set of other environmental conditions (e.g. light, temperature, 

circulation), the nutrient input is an initiating factor for a Harmful Algal Bloom (HAB), a common 

issue for fisheries in the Puget Sound (Northwest Fisheries Science Center). Due to their 

dependency on calcium carbonate to generate shells, skeletons, and other solid body parts, over 30 

percent of Puget Sound’s marine species are vulnerable to ocean acidification. This includes, but 

Figure 2. The pH of the water sampled at different depths along transect line 5 near the border of Oregon 
and California. The water upwelling onto the continental shelf recorded lower pH levels than water samples 
collected farther away from the shelf. The water below the red line was under saturated with respect to 
aragonite, a common type of calcium carbonate used in shell-building (Kennedy, 2009) 
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is not limited to clams, oysters, mussels, and geoducks; all of which are central to Washington 

state’s shellfish industry (Washington State Blue Ribbon Panel on Ocean Acidification, 2012).  

 

 

 

Environmental Security 

 

 Environmental security comprises all the elements of the environment that provide for 

human survival and prosperity. Therefore, the relationship between the environment and the 

security of humans defines the importance of environmental security.  The environment provides 

food, shelter, energy, transportation, and more for humans. If the environment’s health is 

compromised, then so is the security of human quality of life. The increasingly complex and 

transnational drivers of environmental challenges can ultimately foster destabilization and 

geopolitical tension (Stimson). Over a billion people rely on the ocean for food (Stimson), and 

with the climate reaching unprecedented dangerous territory, life below water is being drastically 

altered. Changing marine ecosystems place increasing strain on aquaculture industries to output 

product. At this pace, the problems facing our environment threaten the economic and food 

security of communities and place a disproportionate burden on the overall security of coastal 

nations. This is, the issue of environmental security; and, therefore, the platform for which this 

paper hopes to facilitate public conversation through the use of data collection and marine industry 

involvement.  

 

Objective 

 

 This project aims to prototype a low-cost marine water monitoring instrument package 

to be deployed at aquaculture facilities, and provide site-specific shareable information to assist in 
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both short and long-term operational decision making. The name of this sensor suite prototype is 

ARM (Aquaculture Resource Monitoring): Able to arm shellfish farmers with the tools they need 

for more effective and successful practices. The goal is to establish a long-term data chain between 

facilities with multiple site-deployed sensors. This provides an equal opportunity for small and 

large aquaculture facilities to get the useful location-based monitoring they need. Future operating 

decisions, as well as potential corrective action (i.e., mitigation, restoration) can be determined on 

a site-by-site basis, as needed. Therefore, a more detailed and accurate record of the Puget Sound 

and Washington coast water quality conditions can be measured, monitored, and modeled. Finally, 

a conversation between scientific communities and non-scientific stakeholders must be facilitated. 

The marine environment provides for food, economic benefits, transportation means, cultural 

tradition, and recreation. It’s become a matter of Environmental Security: “One of the most 

important things we can do to meet our national security objectives and advance political stability, 

human health, economic development and peace around the world is to recognize — and act in 

ways reflecting this — that a healthy planet is a critical part of the policy equation.” (Rodewald, 

A. D., 2018). The water monitoring sensor, ARM, will provide integral environmental data for use 

as an outreach tool that businesses, agencies, and organizations can use to acquire attention, and 

influence future policy making. 

Methods 

Needs Analysis 

To provide for the most effective design of the sensor, a needs analysis was conducted with 

local shellfish farmers. Three separate shellfish growers based out of three separate basins of the 

Puget Sound were interviewed. The establishments and locations are as follows:  

Rock Point Oyster Company: Quilcene, WA (Hood Canal Basin) 
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Penn Cove Shellfish: Coupeville, WA (Whidbey Basin) 

Chelsea Farms: Olympia, WA and Shelton, WA (South Sound Basin) 

 The consensus among all three establishments were that such a sensor would be of great 

value and use to them. The current monitoring efforts, including the NANOOS Buoys, are not 

sufficient for their site-specific needs. 

Problems stem from frequent failure resulting 

in data blackouts for extended periods of 

time. The buoys are often in the middle of the 

sound, thus hard to reach and gather data 

when using physical pin plug connections. 

Furthermore, most monitored sites are not 

close enough to the embayments where the 

farms are located, meaning water quality and 

measurements could vary widely between 

bays and monitoring stations. In turn, this 

gives establishments less accurate data to 

base their operating decisions off (Figure 3). 

Figure 3. A map of the Puget Sound showing where shellfish growers are and 
where monitoring efforts are. A buffer of 1 mile was given to each point to show 
ranges of acceptable data that would show accuracy in that range. Shellfish 
farmers do not have a lot of access to monitoring buoys as represented by this  
map and the lack of overlap (green). 
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After thorough discussion with the interviewed farms about the most beneficial components of 

water chemistry to measure, the sensor parameters were finalized (Figure 4). While turbidity and 

lux had the same amount of 

interest, because of logistics, 

this project ultimatly decided 

to go with lux. Lux  

can also be used as proxy for 

turbidity, since less light will 

attenuate in more turbid 

waters.  

The specific parameters for 

this sensor are as follows: 

o pH 

o Dissolved Oxygen (DO) 

o Salinity (Conductivity) 

o Lux (Light Proxy) 

o Temperature 

 

Design and Build 

 The housing for the underwater sensor is the 3” series clear acrylic 8.75” long tube from 

Blue Robotics. The tube is designed to be deployed vertically with one endcap towards the seafloor 

and the other towards the surface. The surface-facing clear acyclic endcap is 3”, with an O-ring 

flange and one penetrating hole for a single cable to communicate to topside. The seafloor-facing 

 

Figure 4. Shown interest in specific water quality parameters by each interviewed shellfish farming 
establishment. 
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endcap is a 3” clear acrylic endcap with an O-ring flange and five penetrating holes for sensor 

exposure and measurement. The depth rating of this housing is 150 meters ( Figure 5). 

 

 

 

 

 

 

 

 

 The dissolved oxygen, pH, conductivity, and temperature probes (Appendix A) are exposed 

externally from the sensor, with their cables penetrating the housing downward-facing endcap 

using Blue Robotics M10 Penetrator for 6mm cable 

(Figure 6). Each penetrator is potted on both sides with 

epoxy and includes an o-ring to ensure no water 

passage. 

The underwater enclosure houses each of the 

probe cables and respective breakout boards. The 
Figure 6. Blue Robotics M10 Penetrator for 6mm Cable 

Figure 5. Blue Robotics 3” Series acrylic tube 
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dissolved oxygen, pH, and conductivity probes use BNC connectors that are connected within the 

underwater housing. The lux sensor is not exposed to 

the water and is secured to the topside-facing acrylic 

endcap to measure sunlight attentuation. Each 

probe’s wires are connected to two busbars. One 

busbar is for power and the other is for data (Figure 

7). The busbars connect the sensors to a 20/8 AWG 

13ft shielded marine cable that penetrates out of the 

underwater housing and goes to a topside a junction 

box. The dockside weatherproof junction box will 

have a single penetrating hole with a cable gland for 

the cable coming from the underwater sensor manifold to connect to power and deliver data 

topside. The junction box houses the Arduino Mega 2560 micropocessor (Appendix A) that each 

of the wires coming from the underwater housing will connect to. Also connected to the Mega 

2560 inside the junction box is a Real Time Clock (RTC) and an SD card reader (Appendix A). 

The Mega 2560 is powered by two 5V recharchable power banks connected in series and charged 

by a SparkFun Sunny Buddy Solar Charger V13 and 6W Solar Panel (Appendix A)  

 

Software 

The process of writing the software for the ARM Sensor involved writing each components 

code separately, then combining them afterwards. While each of the parameter sensors (pH, DO, 

Salinity, Lux, and Temp) have sample codes available, their code for ARM has been strongly 

modified to best adhere to its functionalities. The most involved component of the ARM sensor to 

Figure 7. Bus Bar Schematic. Data busbar (Top) Separated by 
parameter. Power busbar (Bottom) distributing power to all 
breakout boards from one cord coming from topside 
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code for was the SD card module, because it required each other component to write to the SD 

card after each reading. Most individual sensors needed a function to run an actual reading, so then 

the function had to be embedded within the SD writing function code. Each of these packages were 

called void logging(). These logging functions all then had to be put into a loop so that the sensor 

would keep taking readings 3 minutes apart each. A complete copy of the code used to program 

the ARM sensor can be found in Appendix B. 

 

Deployment 

For this research and testing of the ARM sensor prototype, it was deployed at Rock Point 

Oyster Company in Dabob Bay, Hood Canal, Washington State, from May 5th- May 11th, 2019. 

The ARM sensor was deployed in a holding tank on site, that continually pumped water directly 

from the bay. Since this is where Rock Point Oyster Company holds its juvenile (and most 

sensitive) oysters, it was the location they were most interested in knowing the water quality, and 

therfore the deployment site for the ARM sensor. The deployment method for the ARM sensor is 

to be dockside vertical suspension into the water, while the deck junction box stays topside. The 

submerged housing is positively buoyant with about 8 lbs of lift in water depending on the water’s 

density. In order to keep the housing submerged, and not too negatively buoyant so not to put too 

much strain on the cable connecting topside, weights were suspended from the bottom of the 

housing. The weights were attached through a bridal line configuration secured to the housing by 

a hose clamp. Small rubber sheets were used as chafe protection between the hose clamp and the 

acryllic housing. With this setup, the ARM sensor was barely negatively bouyant and sat vertical 

in the water column.  
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Results 

Build 

 

Completed ARM sensor suite (Figure 8,9,10). Cost of building totaling ~$500. Major components 

of sensor can be found in Appendix A.  

 

 

 

 

Figure 8. Completed underwater portion of sensor. Electronics inside Blue Robotics Housing with protruding probes taking water quality measurements.  

Figure 9. Inside wiring of junction box. Including Arduino Mega 2560, SD Card Module, the Real-Time Clock, and 
the power storage. The penetrating cable on the left has come from the underwater sensor and transfers data 
between the underwater sensor and the Arduino, as well as writing the data onto the SD card.  
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Functionality 

 

Completed ARM sensor suite was successfully deployed (Figure 11) for 6 days without 

water intrusion and without damage. However, the battery manifold lasted 14 hours, so there was 

no data collected after 14 hours into deployment. Each sensor collected data, however the 

Dissolved Oxygen Probe did not collect accurate data, and the luminosity sensor periodically 

shorted, invalidating certain data points. The biological growth on the housing after deployment 

for only 6 days was significant, as seen in comparison between Figure 11 (before) and Figure 12 

(after). 

Figure 10. Completed ARM Sensor Suite with 13ft data cable connecting underwater housing with dockside junction box.  
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Data 

 

The 14 hours of data collected align with obvious trends such as daylight and temperature 

corresponding with time. The temperature dropped about 5°C during the night hours (Figure 13). 

While this temperature change is significant and unlikely in open water, the sensor was deployed 

in a holding tank for oysters, so because of the limited volume, the water could heat and cool 

easier, therefore giving these results. 

 

Figure 11. ARM Sensor deployment May 5th, 2019.  Figure 12. ARM sensor recovery on May 11th, 2019. Bio-fouling evident. 
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The luminosity sensor reads 65536 when it shorts. This happened several times within the 14 hours 

of data collection. Regardless of the spiking shorts, there is still an obvious trend that the sensor 

picked up sunset, and nighttime: measuring 0 lux during the night (Figure 14). 

 

 

The pH probe took over an hour to acclimate and start reading accurate pH levels (represented by 

the climbing line during 3:00pm). As the night goes on the pH decreases to levels the farms should 

be concerned about (6.5-7.5) for their calcifying shellfish product (Figure 15). 

 

Figure 13. Temperature readings from the ARM sensor within the 14-hour lifespan of the sensor from May 5th to May 6th, 2019 

Figure 14. Luminosity (Lux) readings from the ARM sensor within the 14-hour deployment from May 5th to May 6th, 2019  
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The salinity probe showed relatively jagged, yet consistent results. Mostly staying in the 

40-60 ms/cm range, Dabob bay showed consistent conductivity with the normal seawater range of 

about 50ms/cm (Figure 16). It is also interesting to compare the salinity with the tides during that 

14-hour range (Figure 17), to see that conductivity increased just after high tide at 6:53pm. This 

makes sense because the high tide brings in ocean water from the Pacific Ocean. Following the 

6:53pm high tide, the conductivity stays relatively constant, considering the low tide wasn’t very 

large, and there was no rainfall. This is an example as to why location-based data gathering is so 

important for these farms.  

Figure 15. pH readings from the ARM sensor within the 14-hour deployment from May 5th to May 6th, 2019  



  Hammermeister 17 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Unfortunately, the Dissolved Oxygen probe malfunctioned and did not get any viable readings 

during the ARM sensor prototype testing deployment.  

5/5/1

9

5/6/19 

Figure 17. Dabob Bay Tide Chart for May 5th-6th 2019. May 5th High tide 6:53pm (10.91ft). May 6th Low tide 12:28am (5.90ft), high tide 
5:41am (10.73ft)   

Figure 16. Conductivity, a proxy for salinity, readings from the ARM sensor within the 14-hour deployment from May 5th to May 6th, 2019  
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Discussion 

After the completion of the design, build, and deployment of the ARM sensor, and upon 

analysis of the results from doing so, there are some key takeaways. The ARM sensor, designed 

to “arm” aquaculture farms with the tools they need to effectively grow and monitor shellfish, has 

been ultimately deemed a successful prototype. The users at Rocky Point Oyster Company were 

enthusiastic about the product and expressed interest in future endeavors. They assisted in the 

launch and recovery of the sensor, and checked for leaks throughout the deployment week. The 

user approval and enthusiasm of the ARM sensor presents success to the main goal of this project: 

working with local growers to monitor and guide their daily operations. After being able to 

complete the needs analysis from local shellfish farms, and deliver a product of their liking, the 

ARM sensor can be regarded as a huge accomplishment in their favor. However, there are several 

technical components to ARM that can be improved for future implications: 

Power & Battery System 

The battery system implemented into the ARM sensor was designed for 

prototyping, so it wasn’t designed to last an extended period. However, it still did not last 

as anticipated. The increased frequency of readings from every 30 minutes to every 3 

minutes is likely the cause of the early battery depletion. Furthermore, the two 5V portable 

phone charging batteries was simply not enough power storage and the solar panel charging 

them was simply not large enough.  

Furthermore, the Sunny Buddy microprocessor (Appendix A) that regulated the 

charging of the batteries from the solar panel was not powerful enough. It stepped the ~5V 

that the solar panel was receiving down to 3.3V which was not efficient enough to keep up 

with the batteries that powered the sensor. A larger Sunny Buddy microprocessor is needed 
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so that the voltage from the sun is not stepped down to 3.3V, but rather 5V, so to be able 

to charge the batteries proficiently.  

The overall solution is to get a more powerful setup. The solar panel (Appendix A) 

must be larger so it has a greater voltage output. The Sunny Buddy microprocessor must 

be able to handle a larger voltage and current so that it can regulate more power and not 

step down to such a low voltage that wasn’t enough to power the battery. Finally, the 

battery power storage needs to be larger. Ideally a 12V lithium battery would be enough to 

store power and receive enough input from a larger solar panel to keep the sensor running 

indefinitely.  

Protruding Probes  

While the probes that measure pH, salinity, dissolved oxygen, and temperature 

must be exposed to the elements of the water, the current design allowing each one to be 

fully protruding the housing may be flawed. The pH, salinity, and dissolved oxygen probes 

all were fully protruded, meaning only the cord was inside of the waterproof housing. Once 

epoxied, this allowed for any strain on the epoxy to be exaggerated due to the leverage 

provided from the entire protruded sensor tip. The epoxy on the pH probe cracked twice 

because of this and had to be repaired. This problem can be avoided one of two ways: 

1. Only allow a small part of the probe to be exposed outside of the 

housing. This keeps leveraging at a minimum and provides for a much 

steadier epoxy hold. However, this solution requires larger penetrating 

holes into the housing, making water intrusion a higher possibility, as 

well as making it more difficult to find the correct size of effective 

penetrators.  
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2. Create a protective cage to cover the sensors so that they are still able to 

be emerged in water, but unable to be bent and break the epoxy seal. 

This is a good solution because it provides protection for the probes 

themselves as well as the epoxy potting. During deployment, and 

maintenance, the probes are at risk of getting damaged since they are so 

exposed, so a protective cover is the best solution overall.  

Dissolved Oxygen Probe 

The dissolved oxygen (DO) probe protruding from the sensor was defective during 

deployment. This most likely occurred because of the other sensor’s code interfering with 

the DO code. During the bench test, the DO recorded correct readings of a known substance 

and calibrated correctly, but once the software was joined with other sensors, it did not give 

accurate readings. The solution to this problem is to develop a more advanced code for the 

probe or to use a more advanced DO probe. While this will slightly increase the cost of the 

sensor, it is a necessary solution, as dissolved oxygen is a vital indicator of the environment 

for shellfish.  

Luminosity (lux) Sensor  

The lux sensor residing on the inside of the surface-facing endcap of the waterproof 

housing shorted a few times during deployment. It is estimated that the reason for this was 

overexposure to light. In other words, the lux it was recording was outside of its dynamic 

range of (0 to 40,000). Seeing that direct sunlight can range from 30,000 to 100,000 lux, 

and the sensor was deployed during a clear 70ºF sunny day, it was most likely overexposed. 

There is a reading in the raw data of 49,143 lux (Appendix A) right before recording 65536 

(indicating the sensor shorted) repeatedly, meaning it briefly recorded outside of its range 



  Hammermeister 21 

 
before shorting from the sunlight being too intense for the TSL2561 luminosity sensor. 

While this could be an oversight of the range of the sensor, the main reason this happened 

is because the sensor was not deployed very deep into the water column. It was neutrally 

buoyant, and the top of the sensor sat inches below the surface (Figure 11). For future 

deployments, this issue can be avoided by deeper deployment, and possibly a stronger 

luminosity sensor.  

Furthermore, since the lux sensor was placed at the top of the sensor housing to 

face upwards towards the sunlight penetration (Figure 11), it may show a less accurate 

representation of the actual light penetration where the shellfish reside. The solution to this 

inconsistency is to have another light sensor in the topside dock junction box as well. With 

two light sensors, the ARM sensor can derive the light attenuation at the depth where the 

shellfish are. This is a dynamic solution since the shellfish depth will vary from site to site, 

and is not a major design change.   

 

Conclusion 

 The future of the ARM sensor is promising. As mentioned earlier there is a clear need for 

its capabilities in the aquaculture industry, especially among the hundreds of small farms that are 

the backbone of the industry itself. With the improvements noted above, this sensor can remain 

low-cost and be of use to farms all over the Puget Sound. As an easy, informative, and portable 

tool, ARM can accompany farmers to more effective operational practices. More importantly, 

ARM can be used to facilitate the conversation of environmental security across multiple 

industries. With the information and data provided by ARM, the aquaculture industry- whom have 

a strong political, economic, and social influence- can create discourse on increasingly critical 
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subjects such as climate change and its harmful effects. The aquaculture industry provides a bridge 

from the science community to the rest of the world, and the ARM sensor provides the data that 

creates the stability for the bridge to be crossed. The world is changing, and the public must be 

educated on the implications of what’s to come, and how to avoid irreversible damage. While not 

the solution, the ARM sensor is a stepping stone to a solution by directly representing the necessity 

for environmental security.  
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APPENDIX 

Appendix A. Components of ARM Sensor 
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Appendix B. ARM Sensor Code 
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