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ABSTRACT 

Potential extensions to each of the ocean observing 

systemôs mobile platform networks, made possible by 

new technologies, are examined with respect to the 

value of the complete observing system. The 

autonomous instrument networks now have the potential 

for the truly global scope that will come from extensions 

to high latitudes, into marginal seas and the deep ocean, 

and by high-resolution sampling in boundary currents. 

The autonomous networks can accommodate new 

sensors, including oxygen, chlorophyll-A, and 

particulate organic carbon, and coordination with 

shipboard and moored platform programs will enable 

studies of the impacts of climate variability and change 

on biogeochemistry and ecosystems. The systems 

required to observe ocean surface properties, surface 

circulation, and air-sea exchanges merit further study 

since improvements in these areas will come not only 

from new instrumentation but through better 

coordination between networks and better use of 

research and commercial vessels. The observing system 

infrastructure must evolve in parallel with the systemôs 

scope and complexity. Expanded roles are seen for 

smaller research vessels, including instrument 

deployment and recovery, reference-quality profile 

measurements and underway surface observations. The 

data management system must provide the rigorous 

control needed for the production of research quality 

datasets. The challenge in providing these enhancements 

to the ocean observing system is to define and achieve 

an optimal mix of shipboard and autonomous 

observations to deliver climate-quality datasets in a 

cost-efficient manner that exploits the synergies 

between satellite and in situ observations. 

 

1. INTRODUCTION  

In the decade since OceanObsô99 autonomous 

technologies have brought about a revolution in 

observational capability that lets us view the subsurface 

oceans in ways that are comparable to global satellite 

measurements of the sea surface. The next decade will 

see equally important advances through expanded 

coverage and a multi-disciplinary approach. These are 

not expected to come from radically new technologies, 

but from the use and enhancement of technologies that 

are now maturing and from developments in existing 

systems. This study aims to identify the technology and 

infrastructure improvements most likely to advance our 

knowledge and understanding of climate and other 

application fields, both through expanding the capability 

of individual observing networks, and by integration 

across systems. 

 

The individual networks of the present Sustained Ocean 

Observing System for Climate (Fig 1) including tropical 

moorings, XBTs (Expendable Bathythermographs), 

surface drifters, ship-based meteorology, tide gages, 

Argo (Array for Real-time Geostrophic Oceanography) 

floats, repeat hydrography, and satellite observations 

have developed largely independently of one another.  
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Progress will now come from integration across the 

networks since the next big observational challenges - 

including boundary currents, ice zones, the deep ocean, 

biological impacts of climate, and the global cycles of 

heat, freshwater, and carbon - demand multi-platform 

approaches and because exploiting the value of ocean 

observations is intrinsically an activity of integration 

and synthesis.  

 

 
Figure 1: Schematic diagram of the Sustained Ocean 

Observing System for Climate. 

 

In the past 20 years, technology developments have 

transformed the vision of a global ocean observing 

system into an operating reality.  Obstacles have been 

overcome but many remain that will need concerted 

analysis and planning if they are to be surmounted. 

First, a global climate observing system can only be 

deployed as a collaborative international effort with 

broad participation. Climate observations are made for 

the benefit of all nations and people. This must be 

recognized and supported through (i) free and open 

exchange of data and data-products, (ii) international 

structures and agreements that enable measurements to 

be made without impediments, and (iii) capacity-

building in nations needing assistance to share the 

benefits. Great progress has been made on the first of 

these issues, with free and open exchange of data 

gaining wide acceptance as a basic principle of the 

observing system. However, with a third of the deep 

oceans lying inside Exclusive Economic Zones, and 

without an international agreement on the over-riding 

necessity to collect and freely exchange observations 

globally for the common good, the observing system 

remains vulnerable. It should also be understood that as 

the knowledge of climate change is advanced, effort 

must be applied to investigating the impacts of these 

changes on society (e.g. health) and on ecosystems 

(fisheries, corals, etc.). 

 

Second, for the continued development of the ocean 

observing system, a major limitation is the human 

resources needed for sustaining and improving the 

observational networks. The study of the oceanôs role in 

climate has expanded rapidly as a field of research, 

especially in terms of the number of scientists trained to 

analyze and interpret ocean observations, including in 

models. Requirements are being established for high 

data quality and for extensive coverage by in situ and 

satellite observations to address global change issues. 

However, young scientists and engineers having the 

scientific knowledge of oceans and climate plus the 

specialized technical skills needed to improve ocean 

instruments and to design, implement, and assess 

observational networks are rare. It is essential to 

recognize and reward work in observational systems so 

that the stream of high quality climate data can be 

maintained and increased. 

 

In the following, we identify key synergies of the 

observing system on which improved integration will be 

built (Sect. 2), and key infrastructures that will underpin 

an integrated global observing system (Sect. 3). Then, 

potential developments and improvements in the mobile 

platform networks are discussed, including Argo (Sect. 

4), gliders (Sect. 5), repeat hydrography (Sect. 6), 

animal-borne sensors (Sect. 7), the Ship of Opportunity 

Program (SOOP) and Voluntary Observing Ship (VOS) 

networks (Sect. 8), automated shipboard measurements 

(Sect. 9), and surface drifters (Sect. 10). The largest 

increments to be gained over the present global 

observing system will come from expanding the 

sampling domains of autonomous platforms, from 

addition of multi-disciplinary measurements, and from 

integrating developments in data quality, coverage, and 

delivery.  

 

2. THE KEY SYNERGIES OF  THE OCEAN 

OBSERVING SYSTEM 

What are the most important scientific relationships that 

bind observing system elements together and make the 

complete observing system greater than the sum of its 

parts? Understanding this question will help to prioritize 

possible extensions to the observing system. What 

additions will increase the value of the integrated 

system to the greatest extent? 

  

Figure 2. Correlation between altimetric sea surface 

height anomaly and steric height anomaly [1] 

 



2.1 Argo and JASON 

On a global basis, the subsurface oceans will always be 

undersampled relative to their energetic spatial and 

temporal scales. The close dynamical relationship, and 

consequently high correlation, between anomalies in sea 

surface height and subsurface density (Fig 2) and 

velocity offers an opportunity to recover part of the 

unresolved variability in the subsurface fields using 

satellite altimetric height (e.g. [1] and [2]). The satellite 

measurements of sea surface height, together with 

subsurface density measurements for steric height 

variability, and satellite measurements of gravity, form a 

complete set for estimation of large-scale sea surface 

height variations and change (e.g. [3]). They allow us to 

understand sea surface height variability in terms of its 

underlying causes in ocean mass, density, and 

circulation, which will in turn permit more accurate 

projection of future sea level rise. The synergy of Argo 

and JASON will grow as the respective technologies 

progress, with the addition of gliders and wide-swath 

altimetry contributing new information on finer spatial 

scales. The value will also grow in proportion to the 

length of the time-series of high-accuracy sea surface 

height and global subsurface density. The combination 

of sea surface height with subsurface density and 

velocity data is a fundamental value-adding relationship 

in the ocean observing system, keeping in mind that the 

former includes both sea level gages and satellite 

altimetry and the latter includes floats, gliders, XBTs, 

repeat hydrography, moored arrays, and animal-borne 

profilers. 

 

2.2 The air-sea interface 

A second key synergistic relationship of the observing 

system is that linking measurements of the ocean 

surface layer and the overlying atmosphere [4]. 

Understanding the climate system requires accurate 

observation of the exchanges of heat, water, and 

momentum between the ocean and atmosphere, and 

hence of the properties of the ocean surface layer and 

lower atmosphere.  Technologies to measure gas and 

aerosol exchanges are emerging and these exchanges are 

of critical interest to the climate community.  The 

surface layer properties and exchanges are the province 

of many observing system elements ï including 

profiling floats, moorings, underway ocean surface and 

meteorological data from research vessels and VOS, 

surface drifters, and satellite observations of sea surface 

temperature, radiation, and wind stress. One challenge is 

to bring together expertise from these diverse 

communities to set priorities and scientific goals that 

can help direct future sampling programs. Further 

combined effort by the satellite and in-situ observing 

communities is needed to advance air-sea flux products. 

Perhaps the greatest challenge in todayôs observing 

system is to improve the integration of these 

observational networks and the corresponding analysis 

tools, including data assimilation modelling, to produce 

accurate estimation of surface layer properties, surface 

circulation, and air-sea exchanges.  

 

3. THE SUPPORTING INFRASTRUC TURES OF 

THE OBSERVING SYSTEM 

Revolutionary new instruments will only fulfil their 

promise for global observation if there is an efficient 

means of getting them into and out of the ocean and an 

effective system for delivering their data and products to 

users. It is critical that the infrastructure of the 

observing system, including both physical and 

organizational elements, should evolve and be 

maintained in harmony with instrumental technologies 

and user requirements. In addition to those discussed 

below, other critical infrastructures of the observing 

system include the satellite communications systems 

and the international coordinating bodies. 

 

3.1 Access to the oceans 

Global in situ ocean observation requires regular access 

to all of the oceans. The development of instrumentation 

capable of autonomous multi-year missions 

fundamentally changes the requirements for access but 

does not eliminate them.  A major factor in the success 

of the observing system will be the effective utilization 

of all available means of access to the oceans: research 

vessels (including both dedicated cruises and 

opportunistic use of transiting RVs), commercial ships, 

navy ships, Antarctic supply ships, and even aircraft.  

Improved information delivery, careful planning, and 

coordination are needed for this function at both 

national and international levels. The nascent JCOMM 

(Joint Technical Commission for Oceanography and 

Marine Meteorology) Observing Programme Support 

Centre (OPSC, [5]) is being developed in part for this 

need, but is under-resourced.  

 

While the roles of medium-to-large research vessels are 

apparent and central to global observations, such as in 

the repeat hydrography program, the high potential 

value of small ocean-going RVs is only beginning to be 

recognized. For example, New Zealandôs RV Kaharoa 

(28 m length, crew of 5) has deployed 750 Argo floats 

plus many surface drifters during nine ocean-crossing 

voyages since 2004 (Fig 3). Without this contribution in 

the remote regions of the South Pacific and Indian 

Oceans, where there is no commercial ship traffic and 

few research vessel transits, a global Argo array would 

not exist today and could not be maintained. In future, 

there are new requirements for such vessels, such as 

recovery of deep ocean floats or biogeochemical floats 

that may need sensor recalibration. These vessels can 

also collect high quality CTD (Conductivity-

Temperature-Depth) profiles to 2000 m depth for in situ 



float calibration, obtain ocean surface data and 

meteorological observations, and deploy gliders and 

XBTs in addition to floats and drifters. 

 

 
Figure 3. The Argo voyages of RV Kaharoa are shown, with different colors indicating different years. Since 2004, this 

small RV has deployed 750 Argo floats, without which the Argo array would not have global coverage. Small RVs can 

perform many vital functions in global ocean observations. 

 

3.2 Data quality, delivery and products 

 

The ocean observing system is heterogeneous, and data 

volumes are growing rapidly year on year. For 

maximum value, system interoperability is required in 

data formats, metadata protocols, and modes of data 

delivery [6]. The synthesis and delivery of high-quality 

data and products are major undertakings that have 

historically been under-resourced in oceanography. 

Each individual component of the observing system 

collects data and applies quality assurance, flagging, and 

data adjustments before archival of data and metadata 

that are required for documentation and to direct steps in 

processing.  The component observing systems each 

strive to maximise data quantity and quality as well as 

to deliver datasets as quickly and efficiently as is 

practical for each data type. Many of these streams 

include both near real-time (operational) and delayed-

mode (research-quality) versions.  The availability of 

complementary observations from multiple observing 

systems is becoming increasingly important. For 

example, meteorological data are delivered from 

commercial ships, buoys, research vessels, marine 

platforms and coastal stations.  Profile datasets come 

from profiling floats, gliders, shipboard hydrography, 

XBTs, moorings, and animal-borne profiles. Each data 

source has distinctive issues of quality and processing. 

There is a need for integrated datasets, unified access to 

distributed datasets, and archiving at world data centers 

to ensure long-term preservation. 

 

There is also a need for data products, for example 

gridded datasets with uncertainty estimates, in addition 

to the observational datasets. The documentation and 

characterisation of products and datasets is essential 

along with guidance on suitability of datasets for a range 

of applications. 

 

4. EXTENDING THE ARGO PROGRAM 

Profiling floats are the only practical means at present of 

sampling the global subsurface oceans, and are the most 

cost effective platform for high quality broad-scale 

profile data. Hence, a basic strategy for the observing 

system should be to exploit float technology to the 

fullest extent practical through extensions of the 

sampling domain of the Argo Program (Global array of 

free-drifting profiling floats). Additional float 

capabilities and sensors should be added as they become 

ready for global deployment. The following extensions 

to float capabilities, Argo sampling domains, and Argo 

sensors are presently being tested or considered [7]. 

Some of these carry substantial costs and require 

additional resources; others are low cost and feasible at 

present. In addition to these potential Argo extensions, 

improvements in data delivery and data quality control 

are planned to increase Argoôs value in many 

applications. 

 

4.1 High latitudes 

Strong climate signals in the high latitude oceans make 

a compelling case to extend Argoôs domain poleward in 

both hemispheres, beyond the 60
o
N/S specification of 

the initial Argo array. Float sampling under seasonal ice 

is now possible through ice-strengthening in some float 

designs and software modifications for ice avoidance in 

others [8]. A recommendation [9] is to extend Argo 

standard sampling (3
o
 x 3

o
) poleward through the 

seasonal ice zones. This would require about 360 floats 



in the Southern Ocean and 285 in the Arctic seas. As of 

mid-2009 there are 121 active Argo floats south of 60
o
S 

and another 46 north of 60
o
N (Fig 4). More 

comprehensive rationales and prescriptions for high 

latitude observing systems, including floats and other 

autonomous platforms, are provided for the Arctic 

Observing Network (AON) [10] and the Southern 

Ocean Observing System (SOOS) [11].  

 

 
 

Figure 4. The present array of 3200 Argo floats could be extended in many ways to provide global climate-quality 

multi-disciplinary observations of the top-to-bottom oceans. 

 

4.2 Marginal seas 

 Some marginal seas such as the Mediterranean 

presently have Argo coverage. Others like the 

Caribbean Sea and Gulf of Mexico do not, in spite of 

compelling scientific justification to observe upper 

ocean heat content in relation to tropical cyclone 

intensification. Float grounding problems are serious in 

marginal seas, but shortened float surface times made 

possible by bidirectional communication (Iridium and 

Argos-3) will  provide some mitigation. Regional groups 

are needed to define sampling requirements for the 

marginal seas. Depending on these requirements, float 

or glider sampling or a combination of the two may 

prove most effective in individual cases. 

 

4.3 The deep ocean  

Floats capable of sampling to the ocean bottom are 

feasible from an engineering perspective, though more 

costly in materials and energy requirements than present 

mid-depth floats. Practical issues that will determine the 

achievable depth range are energy usage versus energy 

capacity (i.e., cycles of battery life) and 

recovery/recalibration capability. Climate signals in the 

deep ocean are small enough so that floats may need to 

be recovered for CTD sensor recalibration to achieve 

the required accuracy. The development of deep-ocean 

floats and of low power deep-ocean CTDs should be 

pursued to determine the practical limits. Requirements 

and technologies for a deep ocean observing system are 

described in [12]. 

 

4.4 Western boundary current extension (WBCE) 

regions  

Argo sampling noise is a maximum at about 38
o
N and 

40
o
S due to eddy variability in the WBCE regions. 

Enhanced sampling of the WBCE (Western Boundary 

Current Extension) regions is recommended [13] for 

improved accuracy in ocean data assimilation models 

and for studies of ventilation. Additional design studies 

of requirements for Argo sampling in WBCE regions 

are needed. 

 

4.5 Surface layer 

Two strategies are being tested for improved surface 

layer measurement in Argo. One uses a non-pumped 

secondary CTD having lower cost and accuracy than the 

primary sensor, whose pump is turned off a few meters 

below the air-sea interface to prevent conductivity cell 

contamination. In the other strategy, temperature 

measurements are made from the primary CTD after the 

pump is turned off. A decision will be needed, based on 

cost and accuracy requirements, whether to pursue one 

or both of these in large numbers of floats.  

 



4.6 Active control  

Active management of the Argo array to change mission 

parameters underway will be possible once most of the 

floats are using bidirectional communications (Iridium 

or Argos-3). Objectives will be to increase Argoôs value 

in a variety of applications including sampling western 

boundary current regions (through increased cycling 

frequency, or adaptive surface time or parking depth to 

influence location) and tropical cyclone studies 

(increased cycling frequency over limited depth range 

and seasonal changes in sampling). Active management 

could also be used for grounding-avoidance and ice-

avoidance measures where and when appropriate. 

 

4.7 Redundant pressure   

The most critical and limiting measurement for the 

profiling float CTD at present is pressure. An important 

lesson from Argo is that greater accuracy and reliability 

of individual pressure sensors or sensor redundancy is 

needed. The potential uses of redundant pressure 

sensors should be evaluated, including as a backup for 

failing sensors and for evaluating and improving 

accuracy. Minimizing systematic errors in pressure is 

critical for global change applications. Recovery and 

recalibration of a fraction of floats also would be useful. 

 

4.8 Mini aturization   

Since float buoyancy depends on fractional changes in 

volume (ȹV/V), floats are made as small as practical to 

maximize their efficiency. Smaller floats now being 

designed and deployed require less volume change per 

fractional buoyancy change and therefore fewer 

batteries for a given number of cycles. However, since 

new sensors may require additional payload and energy, 

float designs should be scalable to maintain flexibility 

for different missions. 

 

4.9 Additional sensors- Oxygen, Chl-A, and POC  

New sensors that increase the value of the global ocean 

observing system are welcome additions to Argo floats. 

With that in mind, the international Argo program has 

provided guidelines for inclusion of new sensors. First, 

performance characteristics of the sensor, including its 

stability and accuracy in relation to sampling objectives, 

and its impact on float lifetime and performance, should 

be documented through deployment of demonstration 

arrays. Second, the added sensors must be cost-neutral 

with respect to the core Argo Program. That is, 

incremental resources are required not only for the 

sensors, but also to mitigate their impact on Argo. Any 

reduction of float lifetime would need to be offset by 

additional floats including deployment costs. Third, 

procedures for near real-time and delayed-mode 

processing should be developed for the new sensor, with 

the processing and data delivery being supported so they 

are again cost-neutral for the core Argo Program. 

 

Dissolved oxygen sensors on profiling floats [14] are 

the most advanced with respect to the above guidelines. 

Oceanic dissolved oxygen is a key parameter for 

biological processes such as net production and for 

ocean geochemistry including estimated uptake of 

anthropogenic carbon dioxide. Advocates of oxygen 

measurement have worked with Argo PIs to deploy over 

200 demonstration floats with oxygen sensors. Multi-

year deployments are providing a wealth of information 

on the sensor characteristics and their scientific 

applications (e.g. [15]). Procedures for processing 

oxygen data continue in development.  

 

Other promising sensors for large-scale deployment 

include fluorescence to estimate chlorophyll-A and 

optical backscattering to estimate particulate organic 

carbon (POC). The Bio-Argo group [16] recommends 

that 20% of the Argo array (600 floats) be equipped 

with Chl-A and POC sensors for objectives including 

the extension of satellite measurements of the sea 

surface into the ocean interior, validation of satellite 

ocean color, assimilation into future biogeochemical 

models, and detection of climate-related large-scale 

variability and trends. The addition of oxygen and bio-

optical sensors will require the greater communication 

bandwidth available with bidirectional systems. 

 

Careful consideration will be required of procedures for 

delayed-mode processing to produce research quality 

data from additional sensors. In the case of Argo salinity 

sensors, multi-year drifts are adjusted by comparison 

with nearby high-quality data. There is less global 

coverage of dissolved oxygen than salinity and much 

less in the case of Chl-A and POC. Other means of 

detection and adjustment of sensor drift are needed. One 

possibility is recovery and recalibration. While this 

carries a substantial cost, we have already noted that it 

may be required for sufficient accuracy in deep floats. 

 

4.10 Ocean mixing 

Estimation of the spatial and temporal distribution of 

diapycnal mixing in the oceans is a critical challenge for 

understanding the impacts of climate variability and 

change, and for improvement in ocean modeling 

capabilities for many applications. Recent sparse 

measurements indicate that ocean mixing is very 

heterogeneous, with key issues for global observations 

including the vertical extent of elevated mixing over 

rough topography, the causes of intermittent mixing 

beneath the surface mixed layer, and the interactions 

between internal waves and eddies [17]. The addition to 

Argo of fine-scale measurements of density and shear 

could improve the global estimation of mixing through 

parameterization of turbulent dissipation. The most 



straightforward extension is improved vertical 

resolution (1-2 m) in temperature and salinity profiles, 

made possible through bidirectional communication.  

Deeper floats (see 4.3 above) would provide more 

observations in the layers above rough topography, 

where mixing is enhanced. Finally, the addition of 

sensors to measure the vertical shear in horizontal 

velocity would be valuable, but would require a longer 

process to implement (sect. 4.9). The community 

recommendations for ocean mixing-related 

measurements in Argo are outlined in [17].  

 

 

 
Figure 5. Map [18] of regions where gliders have been deployed (black boxes) and additional sites of interest for glider 

transects (red boxes). 

 

5. GLIDERS 

Glider technology provides the capability for sampling 

in regions where high spatial resolution is required, such 

as boundary currents, water mass formation sites, 

marginal seas, and straits/chokepoint sections [18]. 

There are presently only a few technical groups in the 

world capable of glider production, maintenance, and 

operation, and these groups are carrying out both 

process studies and repeating transects to demonstrate 

the uses of glider sampling in a variety of settings (see 

http://www.ego-network.org).  

 

5.1 Glider  roles in sustained observations  

Gliders move through the water with typical horizontal 

speed of 25 cm/s, faster than most depth-averaged ocean 

currents, and therefore are able to navigate to 

programmed waypoints. In a single deployment they 

can obtain hundreds of CTD and other sensor profiles 

and velocity estimates, with a range of thousands of 

kilometers, over several months time. Because of their 

modest speed, glider transects deviate from their 

designed tracks, and the long duration means that 

transects are not ñsnapshotsò. These basic characteristics 

require gliders to be deployed in numbers sufficient for 

resolving the scales of interest, or deployed in 

combination with other measurements such as moored 

arrays, satellite altimetry, Argo floats, XBT transects 

etc.   

 

5.2 Prioritizing sustained glider observations 

An initial plan for sustained glider sampling in the next 

ten years is provided by [18] and shown schematically 

in Fig 5. The initial plan takes into account present 

glider demonstration projects, and plans by the expert 

glider groups. Here we ask where sustained glider 

deployments would add most value to the global 

observing system. 

 

An important shortcoming of the present ocean 

observing system is the lack of systematic boundary 

current observations [19] and [20]. Gliders have the 

potential to mitigate that problem, and indeed glider 

sampling in boundary currents is an important element 

of the initial plan for glider sampling [18]. A historical 

record of western boundary current measurements 

comes from the World Ocean Circulation Experiment 

(WOCE), in which current meter arrays were 

maintained for about 2 years at 25
o
-30

o
N and 30

o
S at the 

western boundary of all five subtropical gyres. These 

arrays were accompanied by trans-oceanic hydrographic 

transects for global estimation of meridional transports 

of mass, heat, and freshwater. WOCE also initiated 

high-resolution XBT transects, crossing boundary 


