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Abstract

:

Dive computers have an important potential for citizen science projects where recreational SCUBA divers can upload the depth temperature profile and the geolocation of the dive to a central database which may provide useful information about the subsurface temperature of the oceans. However, their accuracy may not be adequate and needs to be evaluated. The aim of this study is to assess the accuracy and precision of dive computers and provide guidelines in order to enable their contribution to citizen science projects. Twenty-two dive computers were evaluated during real ocean dives for consistency and scatter in the first phase. In the second phase, the dive computers were immersed in sufficient depth to initiate the dive record inside a precisely controlled sea aquarium while using a calibrated device as a reference. Results indicate that the dive computers do not have the accuracy required for monitoring temperature changes in the oceans, however, they can be used to detect thermoclines if the users follow a specific protocol with specific dive computers. This study enabled the authors to define this protocol based on the results of immersion in two different sea aquarium tanks set to two different temperatures in order to simulate the conditions of a thermocline.
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1. Introduction


Temperature data from the oceans are very important to understand the ecosystems and assess the human impact on nature. There is large scale monitoring of sea surface temperature using both remote sensing and in-situ platforms [1,2,3,4], but there is a lack of depth resolved temperature profiles for inshore regions, besides the use of ‘animals of opportunity’ [5,6] and human volunteers [7,8] which help to monitor the depths/temperature profile data to address this issue. In fact, Citizen Science (CS) is becoming a powerful tool, bringing together scientists, society and decision makers. Recent reviews show that the last decades have seen a tremendous increase in CS projects and participation, thanks to technological advances amongst other elements. CS projects have also made contributions to science [9,10,11,12]. Recreational SCUBA divers are one of the important contributors to marine citizen science. Their key instrument is a dive computer (DC) that they need to use in order to monitor depth, time and in some models the amount of gas remaining in their tank. Dive computers include algorithms to predict the likelihood of decompression sickness and calculate the safe ascent rate for a diver. For that reason, the modern electronic DC can be considered as the most significant advancement in diving since the invention of the Aqualung by J.Y. Cousteau. Modern dive computers include an interface to allow the upload of the log of the dive to a mobile device or a desktop computer. Although there are standards on the accuracy and precision of dive computers (EN 13319) [13], one must be careful while using their output in scientific study. The use of this data will depend on the scientific question in mind. For example, there may be scenarios where an error of 1 °C is unacceptable, in which case improvements need to be made in the accuracy and consistency of dive computer temperature recordings [14].



Azzopardi and Sayer studied 47 dive computers and concluded that caution should be employed when using displayed and/or recorded depth and temperature data from dive computers in scientific or forensic studies [15]. Their conclusion on temperature is based on the deviation of up to 5.1 °C from nominal values. Caution is recommended for the use of dive computers as depth measurement tools in scientific study or underwater surveying.



Wright et al. reviewed the potential of SCUBA divers as oceanographic samplers when using their dive computers to augment aquatic temperature monitoring [14]. They have also attempted to use the temperature difference between surface and lowest temperatures recorded by the Operational Sea Surface Temperature and Sea Ice Analysis database [1] and the conductivity, temperature and density instruments respectively, to provide an idea of the degree of error of temperature recordings of dive computers. Their findings agreed with the results from Azzopardi and Sayer [15]. The overall outcome indicated that in a range of test temperatures between 10 and 17 °C, the median variance was 5.1 °C (with a range of −4.0 to 1.1 °C). Furthermore, they concluded that identification of the depth of the thermocline is likely to be possible in the future with a more structured collection of data, but will depend on the strength of the thermocline and the quality of the dive computer.



The aim of this study is to simulate the thermocline with a pair of sea aquarium basins and determine the protocol to be used to detect the thermoclines using the dive computer logs.




2. Methods


2.1. Open Water Dive


Prior to controlled experiments in a sea aquarium, a SCUBA dive is planned to verify if the dive computers are functioning properly. The Bosporus Channel dive site was selected, where the thermocline due to the counter flow of Mediterranean and Black Sea water is commonly observed at varying depths and locations. Gregg et al. found the exchange flow between the Sea of Marmara and the Black Sea to be quasi-steady. The dive site was selected as a potential point to observe the temperature gradients [16]. A team of 3 divers made a dive to 49 m for a total dive time of 16 min while carrying 21 dive computers attached to acrylic rods (Figure 1).



At the end of the dive, depth, time and temperature profile data was uploaded to a desktop computer and was converted to CSV format using Subsurface, an open-source software released under the GPLv2 license [17]. The data was also uploaded to the Diving Safety Laboratory database (DSL-DB) using the Diving Safety Guardian portal for future processing, both for oceanographic and diving medicine research. Divers Alert Network Europe (DAN) created a database (DB) with a large amount of dive related data, which has been collected since 1994 within the scope of the Dive Safety Laboratory (DSL) project. These dive profiles were collected from different models of diving computers and converted into the original DAN DB format known as DAN DL7, which became the industry standard for dive profile data exchange, and many manufacturers are now embedding a DL7 compliant data download option in their dive computers. DSL hosts 70,008 dive profiles as of May 2017, uploaded by 5659 divers [18]. A special section in DSL DB was created for the analysis of undersea temperature data for a future project to identify thermoclines, especially in the Mediterranean Sea. The dive described above is the first dive uploaded for that purpose.




2.2. Sea Aquarium Experiments


Sea aquariums were selected in order to obtain a controlled environment with a high volume of water where the temperature is stable and will not be biased by the temperature of the dive computers. At the experiment site, the Panama (AQ1) and Pacific (AQ2) tanks of Istanbul Aquarium (Istanbul, Turkey) are equipped with high precision thermostats coupled to heaters and are stabilized at 17 °C and 25.5 °C, respectively. The tanks were chosen to have sufficient depth, as dive computers need a minimum depth to trigger the depth/temperature profile logging. The minimum depth is different for each manufacturer but ranges from 80 cm to 120 cm. In this experiment, the immersion was at least 1.8 m in order to ensure the activation of the dive computers, and the proper startup of the dive computers was checked by a diver (Figure 2). The distance between the aquariums was about 50 m and at the end of each immersion the dive computers were carried inside a bucket containing water at the stabilized temperature of the aquarium in order to prevent cooling during transport.



The following describes two experiments to simulate the passage of a diver through a thermocline layer while descending and ascending. The first phase is designed for stabilization of initial conditions and is not used for modeling the DC response. The stay in each aquarium was extended to one hour in order to observe, and if possible, model the latency of the dive computers by measuring the temperature (Figure 3a,b). The reference temperature was measured by a laboratory grade instrument (556 Handheld Multi parameter, YSI Incorporated, Yellow Springs, OH, USA) calibrated by the accredited laboratory of the Turkish Standards Institute. Dive profiles were downloaded following the same procedure as the open water dives in the Bosporus Channel.



The dive computers were kept for one hour in AQ1 and were immersed in AQ2 for another hour and immersed again in AQ1 for another 60 min. Periods 1 and 2 were used for modeling the dive computers.





3. Results


During the open water dives, three dive computers failed: Two had download problems while one shut down during the dive. Hence, Experiment 1 in the aquarium involved 18 computers while Experiment 2 involved 19, because the one that shut down during the dive had recovered after a firmware update. The dive computers with download problems were eliminated from the experiments.



The downloaded depth and temperature data from the open water dives in Bosporus is given in Figure 4. A similar degree of scatter is observed by Wright et al. [14] and Azzopardi and Sayer [15].



The temperature-time profiles of the experiment 1 and 2 are given in Figure 5 and Figure 6 respectively. Most of the DCs display an exponential change which can be modeled using the classical equation that is the solution of a first order system:


T (t) = C + A (1 − e−kt)



(1)




where T is temperature in Celsius, t is time in minutes, 1/k is the time constant (the amount of time it takes for temperature values to change approximately 63.2% from their starting values to their final values in a transient situation) of the system. C is the initial temperature and A is the step change in temperature. Based on this assumption, the curve fitting by least squares method was applied to each DC to find the time constant (Table 1). 1/k and R2 values were calculated for periods 1, 2, 3 and 4 and the experiments and the results are listed in Table 1 for 14 DCs. In Figure 7, a sample curve fitting graph, where the blue line was generated according to measured temperature values and the red line was generated according to temperatures values calculated using the function (1) is displayed.



Most of the DCs fit equation E1 with a high confidence (R2 > 0.9 for 41 curves out of 56) while time constants range from 7 to 280 s. Four curves resulted in a very poor fit and are indicated by italic numbers in Table 1. As expected, the time constants for periods 1–4 and 2–3 yielded similar results. According to these results, if a diver stays more than 3 min at a depth where the temperature exhibits a stepwise change (thermocline), a noticeable change in temperature of around 50% will be observed from the log of a DC. The resulting protocol for divers is described below:



Step 1. Mark the geolocation of the dive site.



Step 2. Make sure that the DC time and date are set correctly.



Step 3. Mark the DC model and serial number.



Step 4. During the pre-dive briefing, if dive team members are not familiar with the CS project, inform them that you will stop for at least 3 min to mark the thermocline.



Step 5. Before the dive, avoid exposing your DC to extreme temperature differentials; if possible, let it be immersed in water at a depth shallower than the one that triggers depth profile logging and decompression computing (30 cm is an adequate depth to immerse for most of the available DCs in the market).



Step 6. During the dive, when you will stop for at least 3 min, make sure that this stop does not impose any danger to you and other team members. Such dangers might include but not limited to disadvantageous decompression obligations, drifting with the current or boat accidents.



Step 7. Do not limit your contribution with a single dive at the same location. If possible, provide multiple dive data samples for the same location.




4. Discussion


The Mediterranean Sea is considered a miniature ocean, able to mimic on a shorter time scale the dynamics of the world’s oceans. This model can be used as a giant mesocosm of the open oceans [19], with various impacts interacting synergistically [20].



Climate change, affecting the usual frequency and intensity of winds, rainfalls and temperature, is rapidly modifying the typical circulation pattern of the Mediterranean Sea. The thermal anomalies documented with an increasing frequency in the last 20 years are showing impressive effects on the distribution of marine organisms. The biodiversity of the Mediterranean Sea is considered incredibly high compared to other areas, owing to the unique and complex geological history of the basin. Owing to the Messinian crisis and the glacial ages, we found organisms with both a cold (northwestern basin) and warm (southeastern basin) affinity.



Climate change is creating many problems for species with a cold affinity who cannot adapt to the new thermal regime, and it is enhancing the distribution of warmwater species.



Throughout the year the Mediterranean Sea is characterized by a typical thermic cycle, reflecting the parallel distribution of nutrients and chlorophyll. The cycle is characterized by the establishment, during the summer season, of a thermocline that is a variable extended zone defined by a steep temperature gradient. For the marine environment, the thermocline depth is an ecological boundary, because it represents the level of the physiological thermic limit for many species. Nutrients, oxygen, and other limiting factors tend to accumulate near it.



Since the global thermal shift, which occurred as a consequence of the El Nino in 1998, the thermocline has been increasing its depth range and many species with a cold-affinity began to disappear from the upper layers in the North–Western basin. Mainly benthic filter feeders are affected by massive mortalities, rapidly changing the seascapes of many coastal areas [21,22,23].



Even if seawater temperature is only one of the parameters responsible for mortality outbreaks, knowing the precise position of the thermocline during the summer and autumn seasons could allow a better understanding and potentially be used to predict massive mortality events or other important biological processes.



The opportunities for researchers to collect this information on a wide spatial scale are very scarce. The contributions of recreational divers equipped with adequate computers could allow for the understanding of irregular patterns of mortality events that, with the poor spatial resolution currently available for seawater temperature close to the seafloor, remain without a clear explanation.



The suggested protocol of staying 3 min at the depth of the step change in temperature can detect all the simulated thermoclines of Experiment 1 and 2 but cannot detect the magnitude of the temperature shift. This protocol can be used to locate the depth and the geolocation if used together with dive logging software, such as eDiverlog (Pelagic Pressure Systems, San Leandro, CA, USA).



Further expectation on quantitative information of temperature may lead to erroneous data, since a dive computer’s primary aim is not to measure the temperature accurately. For instance, during Experiment 1, an oscillation of temperature was recorded by a dive computer, probably due to the insufficient digitization. The temperature of 24.15 °C is either quantified as 24.4 or 23.9, depending upon microclimate changes and due to poor discretization (Figure 8).



Divers generally are keen citizen scientists that are happy to collect information to help better understand the oceans [24,25]. This is confirmed by the unprecedented success of DSL in contribution to diving medicine [26]. The DSL DB now has a section for detecting thermoclines and is ready to accept data uploads from volunteers; however, a filter needs to be added to the web interface in order to check if the divers followed the correct protocol. That will open a new “the citizen science” channel for divers who want to contribute to oceanography.




5. Conclusions


Caution should be employed when using displayed and/or recorded depth and temperature data from dive computers in scientific studies. Based on the results, in order to tag the thermoclines, we suggest that divers stop for a minimum period of 3 min during descent if the diving conditions do not impose any stress including decompression. Our protocol is based on controlled experiments and provides a robust method of identifying the tempo-spatial distribution of Mediterranean thermoclines. This assessment is critical for environmental impact assessments and vital for initiating timely measures. The existence of DSL DB, with 5659 divers already enrolled, offers a promising infrastructure to launch this marine citizen science action for thermocline identification, enhanced by the Cousteau Divers network.
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Figure 1. Open water tests with real dives (21 March 2018). 
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Figure 2. Diver checking the proper booting of the dive computers. 
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Figure 3. (a) Temperature profiles for Experiment 1; (b) temperature profiles for Experiment 2. The order of experiment 1 is inverted. 
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Figure 4. Temperature and depth profiles for the dives in Bosporus. Solid lines are for depth and dotted lines are for temperature. 
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Figure 5. The results of Experiment 1. 
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Figure 6. The results of Experiment 2. 
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Figure 7. Sample curve fit for the dive computer Mares Smart. The resulting time constant is 66.06 s with an R2 of 0.9877. 
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Figure 8. Temperature oscillation as logged by a dive computer (Hollis TX1). 
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Table 1. R2 and time constants for dive computers.
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Computer

	
Dive

	
1/k

	
R2






	
Hollis TX1

	
1

	
208.7665

	
0.9947




	
2

	
172.7661

	
0.7079




	
3

	
165.0955

	
0.9414




	
4

	
241.6872

	
0.9887




	
Mares Icon

	
1

	
136.4287

	
0.9986




	
2

	
150.5566

	
0.9838




	
3

	
200.0000

	
0.6915




	
4

	
143.6142

	
0.9993




	
Mares Matrix

	
1

	
82.5882

	
0.9928




	
2

	
34.0884

	
0.9113




	
3

	
70.9235

	
0.9514




	
4

	
51.6683

	
0.9688




	
Mares Smart

	
1

	
76.5168

	
0.9810




	
2

	
24.0720

	
0.8914




	
3

	
75.5451

	
0.9832




	
4

	
65.0600

	
0.9877




	
Oceanic OC1

	
1

	
152.5692

	
0.9916




	
2

	
5000.0000

	
0.0566




	
3

	
153.0933

	
0.9118




	
4

	
149.1615

	
0.9953




	
Oceanic Veo 2 No.1

	
1

	
281.1542

	
0.9909




	
2

	
170.8180

	
0.8137




	
3

	
205.8048

	
0.9444




	
4

	
265.7876

	
0.9874




	
Oceanic Veo 2 No.2

	
1

	
279.5609

	
0.9876




	
2

	
95.2336

	
0.6806




	
3

	
213.8564

	
0.9366




	
4

	
261.9680

	
0.9879




	
Oceanic VT4

	
1

	
236.3620

	
0.9915




	
2

	
127.9218

	
0.8740




	
3

	
265.2889

	
0.9582




	
4

	
254.4623

	
0.9881




	
Sensus Ultra No.1

	
1

	
194.9532

	
0.9998




	
2

	
198.2694

	
0.9979




	
3

	
213.8182

	
0.9998




	
4

	
199.9627

	
0.9999




	
Sensus Ultra No.2

	
1

	
192.0657

	
0.9998




	
2

	
210.8371

	
0.9978




	
3

	
202.1318

	
0.9998




	
4

	
203.6378

	
1.0000




	
Suunto D4

	
1

	
71.8781

	
0.9710




	
2

	
93.6115

	
0.8035




	
3

	
31.0285

	
0.8399




	
4

	
91.5816

	
0.9661




	
Suunto D6

	
1

	
203.3433

	
0.8472




	
2

	
7.3099

	
0.9009




	
3

	
9.8825

	
0.7992




	
Suunto

	
1

	
39.4032

	
0.9654




	
2

	
25.6803

	
0.3220




	
3

	
22.7505

	
0.0492




	
4

	
50.1622

	
0.9692




	
Uwatec Galileo Sol

	
1

	
99.3289

	
0.9597




	
2

	
2.6356

	
0.0963




	
3

	
94.1056

	
0.8101




	
4

	
102.1418

	
0.9663












© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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