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Abstract

To assess the spatial and temporal variations of surface pCO2 in the global ocean, new automated pCO2 sensor which can be used in platform systems such as buoys or moorings is strongly desired. We have been developing the small drifting buoy system (diameter 250-340 mm, length 470 mm, weight 15 kg) for pCO2 measurement. The measurement principle for the pCO2 sensor is based on spectrophotometry. The pCO2 is calculated from the optical absorbance of the pH indicator solution equilibrated with CO2 in seawater through a gas permeable membrane. The measured data were transmitted to the laboratory by satellite communication (Argos system).

One of the challenges we faced was developing an anti-biofouling paint for the buoy and pCO2 sensor. Minimizing toxicity is important for the buoy system. In order to reduce the effects of biofouling on the sensors, we tried the antifouling tests with some paints in our port side (Aomori, Japan) for 18.5 months. Following tests, the silicon type paint was adapted as an anti-biofouling paint for drifting buoy. To test the long-term durability and effect of anti-biofouling, the buoy systems were moored with TRITON buoy in the western tropical Pacific Ocean (2N, 156E). Our first deployment of drifting buoy system was made in the east Labrador Sea in May 2008, with the support of the Bedford Institute of Oceanography. The buoy system is measuring sea-surface pCO2 four times per day at six days intervals. We succeeded in obtaining the data for six months. We also deployed the two drifting buoys in Antarctic Ocean in January 14 2009. The expected lifetime of the pCO2 measurement systems is about 1 year. However, one buoy stopped on May 31. The short lifetime of the buoy was the result of damage by ice and extreme weather conditions.
1. INTRODUCTION
Many studies have been carried out around the world to understand what happens to carbon dioxide (CO2) once it is emitted into the atmosphere, and how it relates to long-term climate change. However, the sea surface pCO2 observations on volunteer observation ships and research vessels concentrated in the North Atlantic and North Pacific [1]. To assess the spatial and temporal variations of surface pCO2 in the global ocean, new automated pCO2 sensor which can be used in platform systems such as buoys or moorings is strongly desired. We have been developing the small drifting buoy system (diameter 250-340 mm, length 470 mm, weight 15 kg) for pCO2 measurement, with the support of the Japan EOS Promotion Program (JEPP), the Ministry of Education, Culture, Sports, Science and Technology (MEXT). The objective is to provide simplified, automated measurements of pCO2 over all the world's oceans, an essential factor in understanding how the ocean responds to climate change.

2. THEORY AND INSTRUMENTS
The measurement principle for the pCO2 sensor is based on spectrophotometry [2, 3]. The CO2 in the surrounding seawater equilibrates with the indicator solution across the gas permeable membranes. The equilibration process causes a change of pH in the indicator solution, which results in the change of optical absorbance. The pCO2 is calculated from the optical absorbance of the pH indicator solution equilibrated with CO2 in seawater through a gas permeable membrane. In our analytical system, we used an amorphous fluoropolymer tubing form of AF-2400 by DuPontTM for the gas permeable membrane due to its high gas permeability coefficients.

The CO2 sensor has aluminum drifting buoy and poly-carbonate dome (340 mm diameter, 470 mm length). The measurement system of the sensor consisted mainly of a LED light source (Imac, Inc.), optical fibers, a spectro-photometer (USB 4000, Ocean Optics, Inc.), Li battery, motor driver and CPU board with 2 Mb flash memory for data logging. The LED is suitable for autonomous buoy because of low electrical power. The pH indicator has maximum absorption at approximately 435nm and 600nm. However, general white LED has optical intensity peaks at 470nm and 600nm, and the optical intensity is weak around 430nm. We developed new LED light source by mixing some color LEDs. The measured data were transmitted to the laboratory by satellite communication (Argos system). In the laboratory experiment, we obtained a high response time (less than 10 minutes) and a precision within 3 µatm. We are improving the sensor components (e.g. pump, valves and light sauce) to increase the precision and accuracy.

3. ANTI FOULING 
One of the challenges we faced was developing an anti-biofouling paint for the buoy and CO2 sensor. When the buoy system is utilized for long-term observations, the instruments are susceptible to biofouling, in the form of microbial and algal films. Requirements of the anti-biofouling paint for the CO2 sensor are as follows, 

1. It should not influence the measurement of CO2, 

2. It must be energy efficient (power saving), 

3. It should be able to function for the long-term, 

4. It should be non-toxic. 

Minimizing toxicity is important for the CO2 sensor. In order to reduce the effects of biofouling on the sensors, we tried the antifouling tests with some paints in our port side (Mutsu, Aomori, Japan) for 9 months. We avoided using metal (Cu, Zn) type paint despite good results because our buoy is made of aluminum. Following tests, the silicon type paint was adapted as an anti-biofouling paint for drifting buoy.

4. MOORING TEST
To test the long-term durability and effect of anti-biofouling, the buoy systems were moored with TRITON buoy in the western tropical Pacific Ocean (2N, 156E) in July 2008 (Fig 1). We attached our drifting buoy system to TRITON buoy with stainless arm and adjusted to sea surface. The buoy system is measuring sea-surface pCO2 four times per day at three days intervals. Almost all surface pCO2 value ranged from 340 to 380 µatm. This result is consistent with past observed value [4]. After a year, our system is in operation now.
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Figure 1. Variations of sea surface temperature (SST, △：right axis), sea surface salinity (SSS, □：right axis) and pCO2 (●：left axis) in the western equatorial Pacific. SST ranged from 28 ºC to 31 ºC and SSS ranged from 33 to 35.5. We used TRITON buoy SST and SSS data because there is a significant difference in the value of SSS between TRITON buoy and our buoy system since October 2009. SST, SSS and pCO2 sometimes had large daily variability because of squall and heavy insolation. We cannot obtain pCO2 data over a period of time which is mainly caused by sinking of TRITON buoy water level. The buoy has an antenna in poly carbonate dome for satellite communication.  If our buoy sink with TRITON buoy under the water, our buoy cannot send the data to satellite. 
5. DRIFTING TEST
Our first deployment of drifting buoy system was made in the east Labrador Sea in May 2008, with the support of the Bedford Institute of Oceanography. The buoy system is measuring sea-surface pCO2 four times per day at six days intervals. We deployed the drifting buoy in anticyclonic current in the east Labrador Sea (58.40N, 50.26W). The drifting buoy remained in the vicinity of a deployment point for 3 months and then moved toward the southeast. The observation area was 59.32N – 55.06N, 52.34W – 44.34W. Sea surface temperature (SST) increased from 4.4 ºC on 1 Jun to 10.8 ºC on 6 Aug, and then decreased gradually to 7.6 ºC. Variation of surface pCO2 during the drifting period was closely linked to SST while pCO2 values had daily variability (average 20µatm). The pCO2 increased from 292 µatm on 1 Jun, and peaks with 376 µatm were observed on 6 Aug. We succeeded in obtaining the data for six months.

We also deployed the two drifting buoys in Antarctic Ocean (62.40S, 80.01E) in January 2009 with the support of the National Institute of Polar Research. The expected lifetime of the buoy systems are about 1 year. However, one buoy stopped on May 31 (Fig.2). The short lifetime of the buoy was the result of damage by ice and extreme weather conditions [5].
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Figure 2. Track chart of drifting buoy system and observed pCO2 (µatm, preliminary data). Color bar shows pCO2 (4 times, every 6 hours per day at seven days intervals) at observation point. SST decreased from 1.4 ºC on 25 February to -0.9 ºC on 20 May and SSS increased from 34.75 to 34.95. The pCO2 increased from 298 µatm on 25 February, and peaks with 326 µatm were observed on 6 May. When the buoy was deployed, high chlorophyll a concentrations were observed in the Kerguelen Plateau area. This result is consistent with observed low pCO2 value in west side.
6. IMPROVEMENT AND FUTURE PLAN
We are also developing a new drifting CO2 buoy that will use the Argos-3 system. Argos-3 features two-way communication via a downlink with a new generation of Argos platforms. The capacities of the current buoy are limited to automatically performing four pCO2 surface measurements per day (also collecting sea-surface temperature and salinity data), according to a pre-programmed duty cycle. The measurements are repeated every pre-programmed day, as the buoy floats on ocean currents. But with the Argos-3 system, the buoy can measure pCO2 in sea water anytime we want to. If we notice some events by satellite (e.g. chlorophyll increase in the surface ocean) around the buoy during a measurement interval, we can send a command to buoy and thus measure the event in situ. Moreover, the Argos-3 system only transmits when a satellite is in view, reducing transmission time, conserving energy and extending buoy lifetime. We will need to perform some laboratory experiments and an in situ long-term test for the buoy system. As a result of our tests, some components will be modified. We hope to produce the improved buoy system on a wide-scale. In order to have a network of pCO2 observation all over the world's ocean, the buoy must be produced at a reasonable cost. The goal of keeping costs within limits is one of the important aspects in the development. We aim for that one buoy cost $ 15,000 or less when large numbers of buoys are produced.
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