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et�al., 2011; Barton et�al., 2012; Gobler and 
Talmage, 2013). Designing an observa-
tional plan for an OA experiment requires 
researchers to consider many factors, 
including the variability of the system or 
process, the necessary observational tem-
poral frequency, spatial variability (hori-
zontal and vertical), and the accuracy and 
precision of measurements.

In order to address the complex OA 
research questions and measurement 
requirements, the OA �eld has broad-
ened to include scientists from a variety 
of disciplines with a need for CO2 mea-
surements but without backgrounds in 
the arcane techniques and technologies of 
the discipline (Dickson et�al., 2007). �us, 
the oceanography community faces the 
challenge of providing non-experts with 
access to cost-e�ective, high-quality CO2 
system measurements, as well as train-
ing opportunities and information on 
best practices. Community surveys are 
essential for identifying the current status 
and technology needs of the growing OA 
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• 50% of respondents use autonomous 
and underway pH and pCO2 systems. 

• Few respondents use autonomous and 
underway systems for DIC and TA.

• Periods of operation reported for 
autonomous and underway systems 
were distributed evenly from days 
to years. 

• �ere is room for continued develop-
ment to improve sensors and instru-
ments. Although instrument failure 
rate was relatively low, the frequency 
with which unusable data were col-
lected was relatively high. Responses 
in every category re�ected user frus-
tration. Many sensors and instru-
ments present operational di�cul-
ties and/or don’t work as well as 
people would prefer.

• It is critical to have continued access 
to Certi�ed Reference Materials 
(CRMs). Many researchers rely on 
the use of CRMs for data quality con-
trol. �e majority of all instrument 
and sensor users carry out some form 
of instrument calibration (e.g.,� rou-
tine measurement of CRMs on bench-
top instruments) or �eld valida-
tion (e.g.,� comparison of sensor data 
with data obtained for bottle sam-
ples using benchtop instrumenta-
tion). Most respondents did not rely 
on factory calibrations.

• �ere was a general consensus that 
reference materials serve a critical 
need for identifying dri� in all forms 
of instrumentation. Particular needs 
in this area include reference materi-
als covering a broader range of CO2 
properties and salinity (e.g.,� for estu-
arine work), in addition to puri�ed 
indicator dyes for spectrophotometric 
pH measurement.

• Biofouling of autonomous sensors 
is a pressing issue; all sensor designs 
need improvement.

• Intercomparison exercises such as 
those carried out for benchtop instru-
ments (Bockmon and Dickson, 
2015) should be extended to autono-
mous systems.

�e ACT pH sensor survey obtained 
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Recommendation 1:  
Establish Best Practices
Best practices in the form of standard 
operating procedures (SOPs) for bench-
top CO2 instruments were meticulously 
documented during the World Ocean 
Circulation Experiment/Joint Global 
Ocean Flux Study (WOCE/JGOFS) era in 
the late 1980s through the 1990s (Dickson 
et� al., 2007). More recently, OA experts 
assembled a set of best practices for OA 
experiments (Riebesell et�al., 2010). With 
the exception of underway pCO2 systems 
(Pierrot et�al., 2009), there are currently 

few best practices analogues for auto-
mated and autonomous systems. Most 
recently, Bresnahan et�al. (2014) reported 
a set of best practices speci�c to ISFET 
pH sensors deployed for autonomous use 
in situ. Others have reported thorough 
assessments of in situ pCO2 instruments 
that could likely be transformed into a 
set of best practices (Fietzek et�al., 2013; 
Jiang et� al., 2014). In a manner similar 
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the present manuscript (Johengen et�al., 
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were at an advanced state 10� years ago 
(Bellerby et�al., 1995; McNeil et�al., 1995) 
or that were made available through 
existing company expertise (Fietzek and 
Körtzinger, 2010). Nonetheless, these 
companies have clearly made impressive 
progress by developing complex equil-
ibrator and detector systems in house 
and commercializing them in less than 
a decade. �ese �nal three sensors may 
therefore represent the closest excep-
tion to the ten-year rule of the systems 
listed in Table�1. 

In addition to sensor development tra-
jectories, the breakout group was also 
asked to discuss the possibility of devel-
oping or enhancing sensor networks, par-
ticularly with an eye toward coordina-
tion and intercomparison. Networks for 
observing, research, and collaboration 
exist (e.g.,�observing systems such as the 
NOAA OA mooring system, the Ocean 
Observatories Initiative, and Argo), as do 
data repositories (Biological and Chemical 

http://www.act-us.info/Download/Customer_Needs_and_Use/pH/index.html
http://www.act-us.info/Download/Customer_Needs_and_Use/pH/index.html
http://www.act-us.info/Download/Customer_Needs_and_Use/pH/index.html
http://dx.doi.org/10.1016/j.marchem.2005.10.009
http://dx.doi.org/10.4319/lo.2012.57.3.0698
http://dx.doi.org/10.1016/S0304-4203(00)00084-0
http://dx.doi.org/10.1016/0003-2670(95)00054-4
http://dx.doi.org/10.1016/j.marchem.2015.02.002
http://dx.doi.org/10.1016/j.marchem.2015.02.002
http://dx.doi.org/10.5194/bg-10-5967-2013
http://dx.doi.org/10.1016/0012-821X(81)90090-X
http://dx.doi.org/10.1016/j.mio.2014.08.003
http://dx.doi.org/10.1016/j.mio.2014.08.003
http://dx.doi.org/10.1021/es405819p
http://dx.doi.org/10.1021/es405819p
http://dx.doi.org/10.5270/OceanObs09.cwp.13
http://dx.doi.org/10.5270/OceanObs09.cwp.13
http://dx.doi.org/10.4319/lom.2013.11.16
http://dx.doi.org/10.1016/j.jembe.2011.02.002
http://dx.doi.org/10.1016/j.jembe.2011.02.002
http://dx.doi.org/10.4031/002533204787522767
http://dx.doi.org/10.4031/002533204787522767
http://dx.doi.org/10.1016/0304-4203(93)90198-w
http://dx.doi.org/10.1016/0304-4203(93)90198-w
http://www.tos.org/oceanography/archive/14-4_feely.pdf
http://www.tos.org/oceanography/archive/14-4_feely.pdf
http://cdiac.ornl.gov/oceans/Handbook_2007.html
http://cdiac.ornl.gov/oceans/Handbook_2007.html
http://dx.doi.org/10.1111/j.1461-0248.2012.01743.x
http://dx.doi.org/10.1111/j.1461-0248.2012.01743.x
http://dx.doi.org/10.1007/s12237-013-9594-3
http://dx.doi.org/10.1007/s12237-013-9594-3
http://dx.doi.org/10.1021/es300491s
http://dx.doi.org/10.4319/lom.2010.8.441
http://dx.doi.org/10.4319/lom.2010.8.441
http://dx.doi.org/10.1371/journal.pone.0031478



