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ABSTRACT 

 

Algal blooms are increasing in frequency in marine and freshwater ecosystems worldwide. Algal 
blooms can be detrimental to ecosystems as well as pose a public health risk to humans. The Ala 
Wai Canal, a drainage system that surrounds the tourist destination Waikiki Beach, has been 
contaminated by the harmful bacteria Vibrio vulnificus and sewage spills. Vibrio vulnificus has 
been shown to increase in growth and survival during algal blooms, and sewage spills can cause 
Waikiki Beach to close. Therefore, it is important to understand how water moves through and 
away from the canal. I examined data from February 2019 to determine the effects rainfall has on 
chlorophyll a and turbidity, and developed qualifications to determine the feasibility of 
deploying an autonomous surface vessel, specifically a Wave Glider, to aid in data collection and 
monitoring of this at-risk area. I found that rainfall led to two peaks occurring in both 
chlorophyll a and turbidity values, but found that chlorophyll a did not cause the peaks in 
turbidity to occur. I also found no distinguishable patterns between how large the peaks were, 
how long it took for the peaks to occur, and how much rain had fallen when the peaks occurred, 
which highlights the need for more advanced monitoring. I determined that a Wave Glider 
deployment is feasible if the vessel is properly monitored. A deployment could assist researchers 
and public health officials by providing data in real time and tracking variables of interest.  
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INTRODUCTION 

 

Algal blooms occur in freshwater and marine ecosystems worldwide and are increasing in 

frequency (Hallegraeff 1993). Algal blooms are naturally occurring phenomena that form under 

conditions of excess sunlight, high levels of nutrients, and slow-moving water (Fraga et al. 

1988). However, their formation can be anthropogenically induced by fertilizer application, 

agriculture, urban runoff, or other sources that contribute to excessive nutrient loading (Glibert et 

al. 2005). The blooms are classified as Harmful Algal Blooms (HABs) when they become 

detrimental in one of two ways: (1) when their presence impacts other organisms and food web 

dynamics; or (2) when they increase production of toxins in the water (Anderson et al. 2002).  

HABs impact other organisms by altering the abiotic factors of an environment. The 

density of the bloom can decrease visibility for other organisms as well as block sunlight from 

penetrating beyond the surface of the water (Glibert et al. 2005). With less sunlight, plants lower 

in the water column can no longer photosynthesize, which decreases the oxygen available for 

other organisms. As the bloom begins to die off and is decomposed by microorganisms via 

respiration, the oxygen in the water decreases further. These hypoxic conditions stress 

ecosystems and may result in “dead zones” where many organisms have left or died (Joyce 

2000).  

HABs can also increase toxins in the water by production from the algae (Carmichael 

1994). For example, different species of cyanobacteria produce various toxins in both marine and 

freshwater environments that can poison organisms (Sivenson 1990). Toxic red tide-causing 

dinoflagellates produce brevetoxin or saxitoxin, which can kill marine mammals (Trainer and 

Baden 1999). Diatoms produce the neurotoxin domoic acid which accumulates in shellfish and 

causes seizures in shellfish-consuming organisms (Legebvre et al. 1999). Furthermore, algal 

blooms may enhance toxic bacteria growth and survival. Recently, the bacteria Vibrio vulnificus 

has been shown to have enhanced growth and survival rates in the presence of algal blooms 

(Greenfield et al. 2017). Vibrio vulnificus may cause death in humans if ingested via 

contaminated shellfish or via contact with an open wound (Jackson et al. 2017, Bross et al. 

2007).  

The Ala Wai Canal on Oahu has historically been contaminated by Vibrio vulnificus and 

sewage spills. The Ala Wai Canal was built in 1928 as part of a drainage system (“Ala Wai 
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Canal” 2014). It borders the northern and western edges of Waikiki beach, a major tourist 

destination. In 2006, a man died from Vibrio vulnificus-related complications after swimming in 

the water outside of the canal with an open wound (Venzon 2007). There have also been sewage 

spills in the canal on multiple occasions; in one case, 48,000,000 gallons were released due to 

inadequate drainage infrastructure (City and County of Honolulu 2006). Repeated contamination 

events could impact the state’s economy as tourism-related activities on Waikiki Beach alone 

can contribute 8% of the state’s Gross State Product (Department of Business 2003). Thus, it is 

important to understand how rainfall affects phytoplankton blooms, and in turn water quality, to 

reduce public health hazards in this at-risk area.  

Unfortunately, monitoring and mapping algal blooms in the area is difficult without 

advanced technology. The State of Hawai’i Department of Health routinely checks popular 

beaches to ensure that the water quality meets public health standards, but frequent fluctuations 

in the water may result in contamination between checks (Clean Water Branch 2017). 

Autonomous surface vessel technology, such as the Wave Glider by Liquid Robotics, may 

provide valuable insight into the fluctuations of phytoplankton blooms and other water quality 

parameters. In this study, I examine water quality fluctuations in the Ala Wai Canal, asking the 

following questions: (1) how does rainfall affect water quality, specifically chlorophyll a and 

turbidity, in the Ala Wai Canal? (2) how feasible is deploying an autonomous surface vessel near 

the Ala Wai Canal and how could it aid in monitoring public health risks? This research provides 

insight for future studies in modeling algal blooms and harmful bacteria and sheds light on the 

necessity for investment in more advanced technology. 

 

METHODS 

 

Study site 

 

The study site for this research is the Ala Wai Canal, located at 21.2871° N, 157.8312° 

W. The Ala Wai Canal borders Waikiki Beach, a major tourist destination, in Honolulu, Hawaii 

(Figure 1). The surrounding watershed drains in to the Ala Wai Canal, and the canal diverts the 

water from Waikiki Beach.  
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Figure 1. Study site. The Ala Wai Canal surrounds Waikiki Beach. 

 

Water quality 

 

Data collection 

 

I analyzed rainfall, chlorophyll a, and turbidity data for the month of February because it 

allowed me to examine periods with and without rainfall. I used February 2019 hourly rainfall 

data from the Honolulu International Airport Sensor monitored by the National Oceanic and 

Atmospheric Administration. I used the February chlorophyll a and turbidity measurements from 

a fluorescent dissolved organic matter (FDOM) sensor located at the Hawaii Yacht Club at the 

mouth of the Ala Wai Canal. The sensor is submerged approximately half a meter in the water 

and collects data approximately every 6 minutes. I accessed this open-source coastal observation 

data at smartcoastlines.org (University of Hawai’i 2019). 
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Data analysis 

 

To analyze my data, I first converted the date and time codes into Coordinated Universal 

Time for uniformity. Next, I broke the data down into rainfall events. I set the start of a rainfall 

event at 12:00am on a day that rainfall occurred. I set the end of the event at 11:59pm of the day 

that rainfall occurred, given that there was no rainfall for at least 24 hours after. Then for each 

rainfall event, I plotted each of the variables against each other: rainfall and turbidity; rainfall 

and chlorophyll a; and turbidity and chlorophyll a in Excel. I then qualitatively analyzed the 

relationships between rainfall and chlorophyll a, rainfall and turbidity, and chlorophyll a and 

turbidity. I also counted how many peaks in turbidity and chlorophyll a occurred after the rain 

started, how large those peaks were, how long it took for those peaks to occur, and how much 

rain had fallen when the peaks occurred. Finally, I computed simple statistics such as average, 

minimum, maximum, and standard deviation values for each event. 

 

Autonomous surface vessel deployment feasibility 

 

Wave Glider tool 

 

A Wave Glider is an autonomous surface vessel created by Liquid Robotics (Figure 2). It 

consists of a surfboard-sized platform and towable submarine connected via an umbilical cord 

either four or eight meters in length. The submarine has fins, and the Wave Glider propels itself 

by adjusting the fins according to the phase of the water wave. On the platform, there is a solar 

panel that can power multiple sensors and probes, and a computer to store the data. The Wave 

Glider can avoid other ships via the ship Automatic Identification System (AIS).  
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Figure 2. Wave Glider and parts. Source: Liquid Robotics. 
 

Qualifications 

 

To determine the feasibility of deploying a Wave Glider in my study area, I developed the 

following four criteria after interviewing Florybeth La Valle, a postdoctoral researcher who has 

previously attended Wave Glider deployment trainings from Liquid Robotics and previously 

deployed a Wave Glider (Table 1).  
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Table 1. Wave Glider Deployment Feasibility Qualifications. 

 

Qualification Considerations Additional Notes 

Bathymetry  Does the depth of the study 

area allow for the Wave 

Glider and the submarine to 

safely navigate? 

 

If using the four meter or eight 

meter umbilical cord, the 

depth must be at least five 

meters and nine meters, 

respectively.  

Vegetation Does the geographic location 

and trophic state of the water 

indicate that there could be 

vegetation that could entangle 

the submarine? 

 

Does local knowledge indicate 

the presence of vegetaion or 

outcroppings on the seafloor 

that could entangle with the 

submarine? 

 

Proximity to Land Will rough seas or a rogue 

wave potentially run the vessel 

aground? 

 

Will the distance hinder easy 

tracking and pickup were 

something to go wrong? 

 

Proximity to Recreational 

Areas 

Is the Wave Glider in danger 

of hitting people or other boats 

not connected to AIS? 
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Collectively, these four qualifications can inform a decision on if the determined study area 

is a viable place to deploy the Wave Glider. 

With these qualifications, I aim to determine how a Wave Glider can contribute to ongoing 

research by the University of Hawai’i in and around the canal. Currently, researchers manually 

take monthly measurements at 18 way points (Figure 3).  

 

 

 
Figure 3. Current research waypoints. Each yellow dot represents a waypoint.  

 

Data analysis 

 

To address Qualification 1 (Bathymetry), I used the Wave Glider Management Software 

to examine the depths of the proposed study area. To address Qualification 2 (Vegetation), I used 

local knowledge and analyzed the geographic location of the study area to determine the trophic 

state of the waters. To address Qualification 3 (Proximity to land), I examined a detailed map of 
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the area on Google Earth. To address Qualification 4 (Recreational area), I researched how the 

surrounding area is used by the public.  

 

RESULTS 

 

Water quality 

 

There were five rainfall events for the month of February ranging from one to five days 

(Table 2). 

 
Table 2. Rainfall event durations. 

 

Rainfall Event Dates Duration (days) 

1 February 7 1 

2 February 10 – February 11 2 

3 February 13 – February 17 5 

4 February 19 – February 20 2 

5 February 25 – February 27  3 

 

The data indicate that chlorophyll a fluctuates with rainfall, although rainfall is not the 

cause of all the fluctuations. This is most evident in the flucuations that occurred between 

February 21 and February 24 when no rainfall occurred (Figure 4).  
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Figure 4. Chlorophyll a and rainfall throughout February.  

 

         The data indicate that turbidity fluctuates with rainfall as noticeable peaks occur during or 

slightly after rainfall occurs. However, the turbidity does not fluctuate in predictable manner. A 

noticeable example of this is a turbidity peak of approximately 350 NTU after 0.5 inches of 

rainfall on February 13 and a peak of less than 10 NTU after 0.54 inches of rainfall on February 

19 (Figure 5). 
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Figure 5. Turbidity and rainfall throughout February. 

 

The data indicate that sometimes chlorophyll a and turbidity do correlate, but often they 

do not; chlorophyll a has much more variation throughout the month than turbidity. Additionally, 

when turbidity fluctuates, it is delayed when compared to chlorophyll a (Figure 6). 
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Figure 6. Chlorophyll a and turbidity throughout February. 

 

I was able to discern two peaks each in both chlorophyll a and turbidity for each rainfall 

event. Table 1 shows the maximum values of the discernable peaks for each rain event, the time 

between first rainfall and peaks in chlorophyll a and turbidity, and the amount of rain that had 

fallen when the peaks in chlorophyll a and turbidity occurred. The maximum values for 

chlorophyll a and turbidity for the first peak of the third rainfall event show that the values are 

much higher than other maximum values during other events. Apart from two peaks per value 

per event, there were no other clear and observable patterns within the data as indicated by 

relatively large standard deviations. 
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Table 3. Results for each rainfall event. Maximum values for each category are indicated in green; minimum 
values for each category are indicated in orange. 
  

Event Chlorophyll 

a (ug/l) 

Peak 

After 

(hour) 

Cumulative 

Rain (inch) 

Turbidity 

(NTU) 

Peak 

After 

(hour) 

Cumulative 

Rain (inch) 

1 3.40 0.3 0.10 17.98 1.30 0.17 

1 2.45 0.8 0.17 12.72 4.80 0.17 

2 4.62 5.3 0.10 2.20 1.70 0.09 

2 3.09 6.4 0.11 2.04 0.60 0.10 

3 54.90 5.8 0.49 345.98 3.40 0.48 

3 1.49 7.2 0.70 11.79 3.40 0.69 

4 2.08 3.8 0.54 6.70 2.90 0.54 

4 2.08 5.0 0.54 6.28 2.20 0.54 

5 2.69 1.5 0.04 33.17 1.80 0.21 

5 1.65 5.7 0.21 27.81 2.30 0.21 

Average 7.85 4.18 0.34 44.67 2.44 0.32 

Standard 

Deviation 

15.71 2.34 0.23 100.26 1.16 0.21 

 

Autonomous surface vessel deployment feasibility 

 

Bathymetry 

 

Only three of the current waypoints used for monthly sampling are accessible as the canal 

itself is too shallow to deploy a Wave Glider (Figure 7). However, there is opportunity to add 

more points outside of the canal and to track different blooms once outside of the canal. 
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Figure 7. A map of feasible waypoints for Wave Glider sampling. The yellow dots are currently sampled 

waypoints and the orange circles indicate feasible waypoints. 

 

Vegetation 

 

Oahu is located in oligotrophic waters, so I do not expect there to be kelp beds or other 

vegetation in the waters. 

 

Proximity to land 

  

I conclude that the Wave Glider will need to be monitored because the area outside the 

canal is within a few meters of land.  
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Recreational area 

 

I conclude that the Wave Glider will need to be monitored because Waikiki beach is a 

few meters away from the area outside the canal. 

 

Feasibility 

 

Overall, it is possible to deploy a Wave Glider in this area with proper monitoring. 

 

DISCUSSION 

 

Although these results provide some insight into how rainfall affects and increases 

chlorophyll a and turbidity near the Ala Wai Canal, the vague patterns indicate the need for more 

research. Deploying an autonomous surface vessel has the potential to add significant value to 

public health water quality monitoring by recording how water leaving the canal travels out and 

away from the system. The Wave Glider could also provide detailed information on any other 

variables of interest researchers or public health officials may be interested in such as pH, refined 

fuels, temperature, and salinity if they invest in the proper sensor technology.  

 

Water Quality 

 

Rainfall, chlorophyll a, and turbidity  

 

Rainfall did impact and increase chlorophyll a and turbidity as demonstrated by the peak 

in each variable that occurred after the start of a rainfall event. This result confirms expectations 

from the literature (Amraoui et al. 2009, Ahn et al. 2002). However, the relationship between 

turbidity and chlorophyll a is less clear. Turbidity often peaked after the chlorophyll a peaked, 

which contradicts the conceptual understanding of the two variables. Chlorophyll a and turbidity 

should peak at the same time as an increase in phytoplankton would cause the water to be less 

clear (indicating higher turbidity). Instead, only one of the events had peaks that occurred almost 
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at the same times. Thus, although rainfall increases turbidity, the increase in turbidity is likely 

not caused by the increase in chlorophyll a. 

 

Rainfall and chlorophyll a  

 

Nine out of ten peak chlorophyll a values were within approximately 3 ug/l of each other. 

However, the first peak of the third rainfall event is a significant exception to this pattern – the 

value is approximately 340 ug/l higher than the other values. It is difficult to conclude what 

caused this extremely high measurement, but it does not appear to be a glitch as the surrounding 

data points were similar in value. A likely explanation is that because the third rainfall event had 

the most rainfall, more nutrients entered the water via runoff and more phytoplankton grew. It is 

of interest, though, that even though this value was much larger than other peak values, it was far 

from the 30,000 ng/l value indicating a phytoplankton density large enough to be classified as  an 

algal bloom (Mallin et al. 2008).  

 

Rainfall and turbidity 

 

The magnitude of the turbidity fluctuations between the peak values was larger than the 

corresponding fluctuations for chlorophyll a. Because I determined that the peaks in turbidity 

were not due to increases in chlorophyll a, the turbidity measurements in this study are difficult 

to analyze. Because turbidity is simply a measure of light scattering by suspended particles, it is 

impossible to determine what directly caused the fluctuations without further analysis of 

nutrients and sediment in the water.  

 

Autonomous surface vessel deployment feasibility 

 

 My development of qualifications for a feasible Wave Glider deployment is the first of its 

kind. Because the Wave Glider deployment near the Ala Wai Canal proved feasible, it is 

important to consider what kind of benefits a deployment could provide beyond more frequent 

water quality measurements of the contents of the canal. Currently, beaches are checked 

routinely by public health officials (Clean Water Branch 2017). A Wave Glider could provide 
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frequent and real time insight at a variety of sampling points. In the event of a sewage leak, the 

Wave Glider could aid in determining exactly what sections of recreational beach areas are 

contaminated, as well as track the leak to monitor where any contaminants go and how they 

disperse in the water (Seegers et al. 2017). If a beach has to close, it has the potential to affect 

many of the five million visitors that Oahu entertains each year (Murar 2017). Although the 

Wave Glider has a steep initial cost of approximately $300,000 not including the sensors, the 

possibility for multi-year use and keeping sections of beaches open that would normally 

automatically close in a contamination event provide economic incentive for the purchase 

(Takahashi 2018). Additionally, there are few other alternatives to gather data this frequently in a 

mobile way. Buoys only cover small areas and can be expensive. High tech research vessels can 

cost up to $20,000 per day, meaning the cost would be equal to that of a Wave Glider after 

fifteen deployment days (Liquid Robotics 2017). Wave Gliders are durable and can be deployed 

for about a year at a time, then deployed again after cleaning, making them the best option for 

gathering frequent data in a mobile way. 

 

Limitations and future directions 

 

Although my study design answered the questions I set out to answer, there are some 

limitations. First, my water quality analysis was limited to just one month due to time 

constraints, so it is difficult to provide extensive evidence for the conclusions I drew. Possible 

next steps are to look at other months between the wet and dry seasons, and compare to other 

data gathered on the island, such as in Kaneohe Bay (Mallin et al. 2008). Additionally, if the 

sensor used remains at its post for multiple years, a comparison of year to year data could be 

conducted. Finally, more intensive time series analysis could be done on the data to account for 

daily, seasonal, and yearly fluctuations, via methods such as Shapiro-Wilks test for normality in 

the variables, correlation analyses between variables, and comparing means and maximums 

between seasons and years (Devi and Sarangi 2017, Mallin et al. 2008). 

Another consideration is that I did not include dissolved oxygen in my analysis as the 

sensor did not have the capacity to measure it. If I had the data, it would have been a beneficial 

addition as dissolved oxygen is another important indicator of water quality. Although the 
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manual monthly measurements by the University of Hawai’i do measure for dissolved oxygen, I 

could not analyze or draw conclusions from the singular data point for the month of February. 

 

Broader implications 

 

As algal blooms continue to increase in frequency worldwide, it is important to 

understand the factors contributing to their formation (Hallegraeff 1993). This study was an 

important step in analyzing these factors for a specific watershed. However, the base of the time 

series analysis and the qualifications for Wave Glider feasibility can be applied to any watershed, 

and any tourist beach area. Furthermore, by connecting sensors for temperature and pH in the 

long term, there is a possibility to contribute valuable data to monitoring climate change by 

determining the extent of warming and ocean acidification. Marine and freshwater ecosystems 

are and will continue to be in constant flux.  To understand the role humans play and how we are 

impacted, collecting data to understand these ecosystem changes is the first step. 
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