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ABSTRACT an optimal mix of shipboard and autonomous
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new technologies, are examined with respect to the
value of the complete observing system. Th_e 1 INTRODUCTION
autonomous instrument networks now have the potential

for the truly global scope that will come froextensions In the decade since Ocean@® autonomous

to high latitudes, into marginal seas and the deep ocean,technologies have brought about a revolution in
and by highresolution sampling in boundary currents. observational capability that lets uew the subsurface
The autonomous networks can accommodate new oceans in ways that are comparable to global satellite
sensors, including oxygen, chlorophgl] and measurements of the sea surface. The next decade will
particulate organic carbon, and coordioat with see equally important advances through expanded
shipboard and moored platform programs will enable coverage and a multiisciplinary approach. These are
studies of the impacts of climate variability and change not expected to come fromadically new technologies,

on biogeochemistry and ecosystems. The systems but from the use and enhancement of technologies that
required to observe ocean surface properties, surface are now maturing and from developments in existing
circulation, and aisea exchanges nierfurther study systems. This study aims to identify the technology and
since improvements in these areas will come not only infrastructure improvements most likely to advance our
from new instrumentation but through better knowledge ad understanding of climate and other
coordination between networks and better use of application fields, both through expanding the capability
research and commercial vessels. The observing systemof individual observing networks, and by integration
infrastructure must evolve in paralleiw h t he s acossesysi@ms.

scope and complexity. Expanded roles are seen for

smaller research vessels, including instrument The individual networks of the present Sustained Ocean

deployment and recovery, referermpeality profile Observing System for Climate (Fig ihcluding tropical
measurements and underway surface observations. Themoorings, XBTs (Expendable Bathythermographs)
data management system must provide tig@rous surface drifters, shipased meteorology, tide gages,

control needed for the production of research quality Argo (Array for Realtime Geostrophic Oceanography)
datasets. The challenge in providing these enhancementsfloats, repeat hydrography, and satellite observations
to the ocean observing system is to define and achieve have developed largely ingendently 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 inpacts of climate, and the globeycles of
heat, frestvater, and carbon demand multplatform

climate hasexpanad rapidly as a field of research,
especiallyin terms ofthe number ofcientiststrained to
analyze andnterpretocean observations, including in
models Requirements are b established for high
data quality andor extensivecoverageby in situ and

approaches and because exploiting the value of oceansatellite observationto address global change issues

observations is intrinsically an activity of integration
and synthesis.

Observing System for Climate.

In the past 20 yeardechnology 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, aglobal dimate observing system can gnbe
deployed as a collaborative international effarith
broad participationClimate observations are maéw

the benefit of allnations and peopleThis mustbe
recognized and supported throug@h free and open
exchange of datand datgproducts (ii) international
structuresand agreementthat enable measuremernts

be made withoutimpediments and (ii) capacity
building in nationsneedng assistanceto share the
benefis. Great progress has been mamethe first of
these issues, with free and open exchange of data
gaining wide accepance as a basic principle of the
observing system. However, with a third of the deep
oceanslying inside Exclusive Economic ohes, and
without an international agreemerdn the ovetriding
necessity to collect and freely exchangieservations
globally for the common goaqdthe observing system
remainsvulnerable It should also be undstood that as
the knowledgeof climate change is advanced, effort
must be applied to inetigaing the impacts of these
changeson society €.g. health) andon emsystems
(fisheries, corals, efg.

Second, ér the continued development of thecean
obsening system a major limitation is the human
resourcesneeded for sustaining and improvinghe
observational network3he dudyo f t he

oceanaos

However, young scientistsand engineershaving the
scientific knowledgeof oceans and climatplus the
specializedtechrical skills needed to improvecean
instruments andto design implemenf and assess
observatioal networks are rarelt is essential to
recognizeand rewardwork in observational systems so
that the stream of high qualitglimate data canbe
maintainedard 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 systé8ect 3). Then,
potential developmesgtand improvements in thmobile
platform networks are discussed, includifggo (Sect

4), gliders (Sect5), repeat hydrographySect. 6),
animal-borne sensorsSgct.7), the Ship of Opportunity
Program (®0P) and Voluntary Observing ShifyQS)
networks(Sect.8), automated shipboard measurements
(Sect.9), and surface drifters (Sect0). The largest
incrementsto be gainedover the present global
observing system will come from pganding the
sampling domains of autonomous platforms, from
addition of muli-disciplinary measurementand from
integrating developments in data qualicpverageand
delivery.

2. THE KEY SYNERGIES OF THE OCEAN
OBSERVING SYSTEM

What are the most important scientific relationships that
bind observing systemrelementstogetherand make the
completeobservingsystemgreater than the sum of its
part® Understanding this question will help to prioritize
possible extensions to the observing system. What
additions will increase thevalue of the integrated
system to the greatest exten
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Figure 2. Correlation between altimetric sea surface

heightc)apo(gnal¥ arr]ld steric height anomaly [1]



2.1 Argo and JASON observational networks and the corresponding analysis
tools, including data assimilation modelling, to produce
accurate estimation of dace layer properties, surface
circulation, and aisea exchanges.

On a global basishe subsurface oceans will always be
undersampled relative to their energetic spatial and
temporal scales. Thelose dynamical relationshiand
gﬁgzig“i"gi'g‘r']?h;ﬁgﬁg{j‘??&t’c‘ztwgggsigo?ﬁg)'”af]‘za 3. THE SUPPORTING INFRASTRUC TURES OF

) . THE OBSERVING SYSTEM
velocity offers an opportunity to recover part of the
unresolved variability in the subsurface fields using Revolutionary new instruments will only fulfil their
satellitealtimetric height (e.g[1] and[2]). The satellite promise for global observation if there is an efficient
measurements of sea surface height, together with means of getting thm into and out ofthe ocean and an
subsurface density measurements for steric height effective system for delivering their datad product$o
variability, and satellite measurements of gravity, form a users. It is critical that the infrastructure of the
complete set for estimation of largeale sa surface observing system including both physial and
height variations and change (€.8]). They allow us to organizational elements should evolve and be
understand sea surface height variability in terms of its maintainedin hamony with instrumental technologies

underlying causes in ocean masdensity, and and user requirementdn addition to those discussed
circulation, which will in turn permit more accurate  below, other critical infrastructures of the observing
projectionof future sea levelise. Thesynergy ofArgo system include the satellite communications systems

and JASONwill grow as the respective technologies and the international coordinating bodies.
progress, with the addition of glide and wideswath

altimetry contributingnew information on finer spatial 3.1 Accesgo the oceans

scales. The value will also @wv in proportion to the
length of the ime-series of higkaccuracy sea surface
height and global subsurface density.eTombination

of sea surface height with subsurface densityd
velocity data is a fundamental vahaelding relationship

in the ocean observing system, keeping in mind that the
former includes both sea level gages and satellite
altimetry and the latter includd®ats gliders, XBTs,
repeat hydrography, mooreatrays and animaborne
profilers.

Globalin 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 majorctar 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 RY/scommercial ships,
navy ships, Antarat supply ships, anaven aircraft
Improved information delivery, careful planning, and
coordination are needed for this function at both
A second key synergistic relationship of the observing national and international level$he nascent JCOMM
system is that linking measurements of the ocean (Joint Technical Commission for Oceanography and
surface layer and the overlying atmospheid. Marine Meteortogy) Observing Progranme Support
Understanding the climate system requires accurate Centre(OPSC,[5]) is being developed in part for this
observation of the exchanges of heat, water, and need butis underesourced

momentum between the ocean and atmosphere, and

hence of the qperties of the ocean surface layer and While the roles of mediuftp-large research vessels are
lower atmosphere. Technologies to measure gas andapparent and central to global observations, such as in
aerosol exchanges are emerging and these exchanges arthe repeat hydrographyprogram, the high potential

of critical interest to the climate community. The value of small oceagoing RVs is only beginning to be
surface layer properties and exchanges are the provincer ecogni zed . For exampl e, New
of many observing system elements including (28 m lemgth, crew of 5) has deployed 730go floats
profiling floats, moorings, underway ocean surface and plus many surface drifters during nine oceanssing
meteorological data from research vessels and VOS, voyages since@®4 (Fig 3). Without this contribution in
surface drifters, and satellite observations of sea surface the remote regions of the South Pacific and Indian
temperature, radiation, drwind stressOnechallenge is Oceans, where there i® commercial ship traffic and

to bring together expertise from these diverse few research vessel transits, a gloBajo array would
communities to set priorities and scientific goals that not exist today and could not be maintained. In &itur
can help direct future sampling programs. Further there are new requirements fauch vessels, such as
combined effort by the satellite arid-situ observing recovery of deep ocean floats or biogeochemical floats
communities is needed to advancessa flux products. that may need sensor recalibration. These vessels can
Per haps t he greatest c h a lals@ ncgllect ihigh gualita Y BDs(Comdbctvay v i n g
system is to improve the integration of these TemperatureDepth)profiles to 2000 m depth fan situ

2.2 The air-sea interface



float calibration, obtain ocean surface datand
meteorological observations, and deploy gliders and

XBTs in addition to floats and drifters.
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Figure 3. TheArgo voyages of RV Kaharoa are shown, with different colors indicating different y&ace 2004, this
small RV has deployed 720go floats, without which th&rgo 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 stgm is heterogenequsnd data
volumes are growing rapidly year on yearfor
maximum value, system interoperability is required in
data formats, metadatarotocols and modes of data
delivery [6]. The synthesis and delivery of higjuality
data and produs are major undertakings that have
historically been underesourced in oceanography.
Each individual component of the observing system
collectsdata andapplies quality assurance, flaggjmand
data adjustments before archival data @ad metadata
that ae requiredfor documenationandto directsteps in
processing The component observing systems each
strive to maximise data quantity and quakty well as

to deliver datasets as quickly and efficiently as is
practical for each data typéany of thesestreams
include both near redime (operational) and delayed
mode (researckquality) versions. The availability of
complementary observations from multiple observing
systems is becoming increasingly importarftor
example meteorological dataare delivered from
commercial ships, buoys, research vessels, marine
platforms and coastal stationsProfile datasets come
from profiling floats, gliders, shipboard hydrography,
XBTs, moorings, and animdlorne profiles Each data
source has distinctive issues ofatity and processing.
There is a ned for integrated datasetsjified access to
distributed dataset@nd archivingat world data centers
to ensure longerm preservatian

There isalso a need for data products, for example
gridded datasets with uncer estimatesin 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 meaatspresenof
sampling the globaubsurfaceceans, andrethe most
cost effective platform for high quality broamdale
profile data. Hence,a basic strategyor the observing
systemshould be to exploifloat technologyto the
fullest extent practical through extensions of the
sampling domain of th&rgo Program(Global array of
freedrifting profiling floats) Additional float
capabilities andensorshould be addeds theybecome
ready for global deployment.he following extensions
to float capabilitiesArgo sampling domainsand Argo
sensors are presently being tested or considgfed
Some of these carry substantial costs and require
additional resources; others are low cost faasible at
presentIn addition tothese potentiahrgo extensions,
improvements in data delivery and data quality control
are planned toincrease Argob s val ue i
applications.

4.1 High latitudes

Strong climate signals in the high latitude oceans make
a compelling case to exterdgoG domain polewaréh

both hemispheres, beyond the®8(5 specificationof

the initial Argo array. Float sampling under seasonal ice
is now possiblehroughice-strengthening in some float
designs and software modifications for ice avoidance in
others[8]. A recommendatior(9] is to extendArgo
standard sampling (8 x 3°) poleward through the
seasonal ice zoneghis would require about 360 floats

n



in the Southern Ocean and 285 in fetic seasAs of
mid-2009there are 121 activargo floats south of 66S
and another 46 north of 608 (Fig 4). More
comprehensiverationales andprescriptions for high
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latitude observing systems, including floaed other
autonomous platformsare provided for the Arctic
Observing Network (AON) [10] and the Southern
Ocean Obswing System (SOO0S) [11].
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Figure 4. The present array of 82 Argo floats could be extended in many ways to provide global clioazddéty

multi-disciplinary observations

4.2 Marginal seas

Some marginal seasuch as tb Mediterranean
presently have Argo coverage. Otherslike the
Caribbean Sea and Gulf of Mexico do not, in spite of
compelling scientific justificationto obsere upper
ocean heat content in relation to tropical cyclone
intensification.Float grounding prdlems are serious in
marginal seas, but shortened float surface times made
possible by bidirectional communication (Iridium and
Argos-3) will provide some mitigatiarRegional groups
are needed to define sampling requirements for the
marginal seas. Dependjron thae requirements, float

or glider samplingor a combination of the twaonay
prove most effectivén individual cases

4.3 The deep ocean

Floats capable of sampling to the ocean bottam
feasiblefrom an engineering perspectjvihough more
costlyin materials and energy requiremetiitan present
mid-depth floatsPractical $sueghat will determinghe
achievabledepth rangeare energyusageversus energy
capacity (i.e. cycles of battery life) and
recovery/recalibration capability. Climate si¢gin the
deep ocean are small enoughthat floats mayeed to
be recovered folCTD sensorrecalibrationto achieve
the required accuracyhe development of deegean
floats andof low power deepceanCTDs should be

of the tap-bottom oceans.

pursued to determine the practidahits. 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 abouf8&nd
40°S due to eddy variability in the WBCE regions.
Enhaaced sampling of the WBCBNesternBoundary
Current Extension regions is recommendefd 3] for
improved accuracy in ocean data assimilation models
and for studies o¥entilation. Additional design studies

of requirements forArgo sampling in WBCE regions
are needed.

4.5 Surface layer

Two strategies are being tested faorproved surface
layer measurement iArgo. One uses aon-pumped
secondary CThaving lower cost and accuracy than the
primary sensor, whose pump is turned off a few meters
below the aisea 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 beeededbased on
cost andaccuracyrequirementswhether to pursue one

or both of these in large numbers of floats.



4.6 Active control

Active management of th&rgo array to change mission
parametersinderwaywill be possible ace most of the
floats areusing bidirectional communications (Iridium
or Argos-3). Objectives willbe to increasérgod salue
in a variety of applications includingampling western
boundary current regionsthfough increased cycling
frequency,or adaptive surface time or parking depth
influence location and tropical cyclone studies
(increased cyling frequency over limited depth range
and seasonal changes in sampligctive management
could alsobe used forgroundingavoidance and ice
avoidance measures where and when appropriate.

4.7 Redundant pressure

The most critical and limiting measurent for the
profiling float CTD at present is pressure. An important
lesson fromArgo is thatgreater accuracy and reliability
of individual pressuresensorsor sensor redundancy is
needed. The potentialses of redundant pressure
sensorsshould be evaluat, includingas a backup for
failing sensors and for evaluating and improving
accuracy.Minimizing systematic errors in pressure is
critical for global change application&ecovery and
recalibration of a fraction of floassowould be useful.

4.8 Mini aturization

Since float buoyancy depends on fractional charniges
vol ume ( op\afemadeas smallcaa practicad
maximize their efficiency Smaller floatsnow being
designed and deploya@quireless volume change per
fractional buoyancy change nd therefore fewer
batteries for a given number of cyclétowever, since
newsensors may require additional payload and energy,
float designs should be scalalite maintain flexibility

for different missions

4.9 Additional sensors Oxygen, ChtA, and POC

New sensors thahcrease the value of the global ocean
observing syst@a are welcome additions #rgo floats.
With that in mind, he internabnal Argo program has
providedguidelines forinclusionof new sensotsFirst,
performancecharacteristics ofthe sensqrincluding its
stability and accuracy in relation to sampling objectives,
and its impact on float lifetimand performancgeshould

be documented through deployment of demonstration
arrays. Second, the added sensors must beneastal
with respgct to the coreArgo Program. That is,
incremental resources are required not only for the
sensors, but alsto mitigatetheir impact onArgo. Any
reduction of float lifetime would need to be offset by
additional floats including deployment costs. Third,
procedures for near retime and delayethode
processing should be developed for the new sensor, with

the processing and data delivery being supported so they
are again costeutral for the corérgo Program.

Dissolved oxygen sensomn 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
anthropogeniccarbon dioxide Advocates ofoxygen
measurement have worked wiingo PIs to deployover

200 demonstration floats with oxygen sensokéulti-
year deployments aigroviding a wealth of information

on the sensor characteristics and their scientific
applicatiors (e.g. [15]). Procedures df processing
oxygen data continue in development.

Other pomising sensors for largecale deployment
include fluorescence to estimatehlorophyltA and
optical backscatteringo estimateparticulate organic
carbon (POC).The BioArgo group [16] recommeds
that 20% of the Argo array (600 floats)e equipped
with Chl-A and POC sensorfr objectives including
the extension of satellite measurements of the sea
surface into the ocean interior, validation of satellite
ocean color, assimilation into future bEochemical
models, and detection of climatelated largescale
variability and trendsThe addition of oxygen and bio
optical sensors will require the greammunication
bandwidthavailable withbidirectionalsystems.

Careful consideration will be geiired of procedurefor
delayedmode processing to produagesearch quality
datafrom additionalsensorsin the case ofrgo salinity
sensors, milti-year drifs are adjusted by comparison
with nearby higkguality data. There is less global
coverage of disolved oxygen than salinity and much
less in the case of Gl and POC. Other means of
detection and adjustment sénsomrift are needed. One
possibility is recovery and recalibration. While this
carries a substantial coste have already noted that it
may be required for sufficient accuracy in deep floats.

4.10 Ocean mixing

Estimation of the spatial and tempowdiktribution of
diapycnal mixingn the oceanss a critical challenge for
understanding the impacts of climate vhiligy and
change and br improvement in ocean modeling
capabilities for many applicationsRecent spags
measurements indicate thaicean mixing is very
heterogeneous, with key issules global observations
including the vertical extent of elevated mixing over
rough topographythe causes ofntermittent mixing
beneath the surface mixed layer, and the interactions
between internal waves and eddigg]. The addition to
Argo of fine-scalemeasurements of density and shear
could improve theglobal estimation of mixingthrough
parameterization of turbulent dissipation. The most



straightforward extension is improvedvertical
resolution (32 m) in temperature and salinity profiles
made possible through bidirectional communication.
Deeper floats (see 4.3 above) would provide more
observationsin the layersabove rough topography,
where mixing is enhancedrinally, the adition of
sensors to measure the vertical shear in horizontal
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Figure 5. Map [18] of regions where gliders have been deployed (black boxes) and additional sites of interest for glider

velocity would be valuable, but would require a longer
process to implement (sect 4.9). The community
recommendations for ocean mixinglated
measurements iArgo are outlinedn [17].
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transects (red boxes).

5. GLIDERS

Glider tednology 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 secti¢h].
There are presently only a few technical groupshe
world capable of glider production, maintenance, and
operation, and these groups are carrying out both

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 bjl8] and shownschematically

in Fig 5. The initial plan taks into account present
glider demonstration projects, and plans by the expert

process studies and repeating transects to demonstrateglider groups. Here weask where sustained glider

the uses of glider sampling in a variety of settingme(
http://www.egenetwork.org.

5.1 Glider rolesin sustained observations

Gliders movethrough the water with typical horizontal
speed of 25 cm/dasterthan most deptlveraged ocean
currerts, and therefore are able to navigateto
programmedwaypoints In a single deploymenthey
can obtain hundreds of CTDand other sensqgurofiles
and velocity estimateswith a range of thousands of
kilometers over severalmonthstime. Because of their
modest speed, glider transectsleviate from their
designe tracks, and the long duration means that
transectaren ot i ssi Bhpse basid characteristics
requireglidersto be deployed in numbers sufficient for
resolving the scales of interesor deployed in
combination with other measuremestsch as moad

deploymentswould add most value to the global
observing system.

An important shortcoming of the present ocean
observing systa is the lack of systematic boundary
current observation§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 samplinfL8]. 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’Z8°N and 30S at the
western boundary of all five subtropical gyres. These
arrays were accompanied by tramseanic hydrographic
transects for global estimation of meridional transports
of mass, heat, and freshwater. WOCE also initiated
high-resolution XBT transects, crossing boundary


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

currents and ocean interiors with bounderypoundary
sampling. Most of these transects continue, and have
been used for estimation of tirvarying mass and heat
transports (e.d21] and[22]).

Because of the need for boundary current observations,
the initial glider network should include transeutsall

the midlatitude western boundary currents, with
regionallybased planning to take advantage of
historical measurements and ongoing XBT, repeat
hydrography, satellite altimetry, and moored array
sampling. An objective is to provide strong constigint

at one or more locations per gyre, on bastegrated
transport and hence on the global budgets of mass, heat
and freshwater. The regional perspective is essential to
ensure that efficient strategies are developed to combine
different measurement type for a comprehensive
observing system.

Sv

Equatorward Solomon Sea Transport

40;

Xport above 600 m
Total Transport
Geostrophic re 600 m

Figure 6. Glider transport timeseries in the Solomon
Sea based on glider velocity (left, blue) and geostrophic
velocityrelative to 600 m (red). Glider tracks in the
Solomon Sea (right). Fig frof20]

Low latitude western boundary currents (LLWBC)
potentially play key roles in interannuia-decadal

climate variability andare as important to observe as
the midlatitude oms. A demonstration project using

gliders is presently being carried out in the SoloiSea

to measre the South Pacific LLWBC (Fig §20]). This
initial project should be sustained and replicated in other
LLWBC regions depending on feasibilityAs with the
mid-latitude WBCs, there needs to beegionalstrategy

for combining boundary cuent and interior transport
observations for basimtegrated values.

5.3 Floats or gliders?

In many regions both gliders arktrgo floats will be
operating, and it is ssential to achieve the best
combinationof instruments for efficient samplingzor

this to happen, first the sampling requirements for
sustained observation need to be established. It is
generally agreed théte standardArgo coverage of 3x

3° x 10 days imot sufficient in some regions including
boundary currents and their extensiofi$3] and
marginal seas. Regional expertise, particularly in the
case of marginal seas, is needed to definespweeific
objectives of sustained sampling and the sampling
requirements to satisfy those objectives. The observing
system can be a nmixe of highresolution transects
(gliders and/or XBT) and broagtale profiling (floats).

While the essential characteristics giiders and floats
are known there are aspects of the technologies that are
not yet undersiod. For example, rials are needed to
estadlish the effectiveness of shortened surface time
floats (by means ofbidirectional communication) to
reduce grounding hazardbhis will impact the decision

to use floats or gliders in marginal seas, where float
grounding is a serious probler8imilarly, it is not yet
known how active management ofArgo missions
(variable cycle time, surface time, parking depth) can
contribute to denser sampling in boundary current
regions and tdéurtherreduction in grounding losses.

5.4 The glider data stream

Preliminary discussions have been held on integration of
glider data into thé\rgo Data Maragement Systepand

the Coriolis Data Center now holds and distributes some
glider data Floats and gliders bothroduce primary
datasets consisting of CTD profiles, so soaspects of
combining them are straightforward. But there are also
complexities. For example, glider dataay need to
carry horizontal location information as a function of
depth while floats do not. That,iglider profiles consist

of slant data while 8at profilesare treated as vertical
Protocols for producing researgality data may be
different for gliders and floats. Gliders have shorter
missions and are recovered, makimgutine post
mission sensor calibratiqrossible Finally, and perhaps
mostchallenging glidersmay carry a greatevariety of
sensors thafloats and eak sensor requirggrocedures

for processing and qualitgontrol.



5.5 |International infrastructure

Each element of the ocean observing system requires

international coordinatn of design and planning,
implementation, and data managemergffective
tracking of t he
coordination to occur-or a glider programpnithe short
term an international teashouldoversee the selection
and prioritization ofglobal sampling, and match these
priorities with commitments by national progrants
implement the global planRedonally specific glider
strategiesare neededo either resolve scales of interest
through multiglider arrays orthrough combinationof
gliders with other observations.A data management
system built on an open data policgnd including both
near reatime and delayethode data streamegeds to
be in place from the time that major implementation of
the program begins.

A unigue aspect foma glider program is that gliders
combine a complex and advanced technolegth a
substantial regional requirement for support of
deployment, recovery, and instrument turnaround
operations.As a consequencegew collaborathns are
needed between the tedbogically expert (in glider
production and operations) groups angkgional
logistically capable groupis orderbuild the capacityo
deploy gliders in the regions where they are most

progr amb

Recognizing that the repeat hydrography progedso
has geat stanehlone value, ére we focus on aspects
that bear most strongly on its integration with other
observing system elements.
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Shipboard hydrographic data provide the quality
standard against which the datrom floats and other
autonomous platforms and XBTs are compared, to
assess their accuracy and for detection and correction of
systematic errors. The high cost of shipboard
hydrography is balanced against its broad and unique
capability to measure manyafameters that cannot be

measured by other means, and to measure those that can

with highest accuracy. Cost factors limit the global
hydrographic survey to less than®1frofiles per year
from the ocean surface to the bottom, whilkgo floats
deliver 16 temperature/salinity profiles per year in the
upper 2 km.

Salinity drift in Argo floats is adjusted by comparison of
Argo salinity to nearby higlguality salinitytemperature
data [24] In addition to salinity drift, systematic errors
in float pressure nsurements are also an ongoing
concern (e.g[25]). For both of these issues, the process
of identifying and correcting systematic errois
dependent on, anis effectiveness idimited by, the

needed A gl i der programoés s u wlumeesrsl spatial distributioef Fegent shipboatf €D
defined by its abity to initiate and sustain these profiles. The requirements have not yet been established
collaboraions, which are essential for a global reach. for high qualityreferenceCTD dataneeded to validate

and correctArgo. Similarly, shipboard CTD data are
used to assess systematic changes over time in
temperature versus depth errors from XBTs, for
example to estimate aratljustt he i nstr ument

6. REPEAT HYDROGRAPHY

Shipboard hydrographic sampling is a mature elémen

0sS

of the ocean observing systemith sparse global
surveys having begun in the 1970s withthe
Geochemical Ocean Sections StudBGEQSECS,
continued imo the 1990s with WOCENd to the present
with the Climate Variability and Predictability
(CLIVAR) repeat hydrographic surveyBresent plans
for decadal (or more frequent) repeat hydrographic
transets[23] address objectives of:

1 understanding the controls and distribution of
carbon in the oceans,

1 understanding temporathangesin the oceans
below 2 km and their contributions to global heat
and freshwater budgets

1 understanding the variability in ater masses,

ventilation, and pathways

guantifying transports

evaluating ocean models

providing a platform to teshew shpboard sensors

and anopportunity to deploy and evaluate other

platforms.

=a =4 =4

[26]. It was noted irBect.4 that many futurérgo floats

are likely to carry sensors for di¢eed oxygen,
chlorophyltA, particulate organic carbomand possibly
others All will require validation and correction
through comparison to nearby shipboard data or
recovery and recalibration.

6.2 Core variables

In order to maximize value of the observing system as a
whole it is critical for a set of core variables to be
selected including some that asemmon to repeat
hydrography andautonomous instrumesnt moorings,
floats, and gliders The Global Ocean Shipased
Hydrographic Invesgiations Panel (GGHIP, [23])
recommends, for example, that the profiling GI'D
the repeat hydrography prograshoutl include optical
instruments for fluorescence and particulat€lus if
optical biosensors are added &rgo floats, the repeat
hydrography survey will provide data needed for
calibration and interpretation of nearby floatus t
alsomay be desirabléo deploy these specialized floats



selectively from ships doing the repeat hydrography
survey.

6.3 Repeat hydrography and deep ocean floats

If deep ocean floats are developed and deployed
Argo, thenvalidation and correctionrequiring repeat
hydrogaphy, will be needed for those instrumerds
well as for the upper ocean onésthe event that a deep
float array is not deployed, then the observation of deep

would

ocean changes in heat, freshwater, and steric sea level
rest entirely with the peat hydrography
program. Because there agaps in the planned global
sampling, ofscale5,000 km(Fig 7), errors in estimation

of global integrals would be substantial. Studies are
needed to assess the likely errors in global ocean heat
content with and withat a deep float array.
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Figure 7. GOSHIP [23] repeat hydrography plan:

6.4 Boundary currents and interiors

The two observing system elements that measure both The

the boundary current shear ondihorzontalscales and
theinterior oceancirculation are the repeat hydrography
program (topto-bottom, decadal repeats) and the High
Resolution XBT Network (800 m, quarterly repeats,
[27]). The repeat hydrography program includie
zonal subtropical gyretransectsused in WOCEfor
guantifying meridional transports and overturning

decadal (solid) and more frequent (dashed) lines.

6.6 International Coordination

repeat hydrography program has evolved
principally for stanehlone objectivesHowever, GO
SHIP recognized the impaahce of relationships to
other observing system elements, &mel IOCshould be
encouraged in cooperation withthe global research
programs,to continuea coordination activityfor this
network. Greater interactions between the observing
system elementsao befosteredin a number of ways,

circulations. A recommendation is to use these transects including greater use of the JCOMMNDbservations

to anchor boundary currengriability studies that use
gliders and other measuremejf8].

6.5 Data policy

A recommendtion of GO-SHIP[23] is to release repeat
hydrographypreliminary data within 6 weeksyith final
physical dataeleasedwithin 6 months and other data
within 12 monthsAll national programs contributing to
global ocean observations should subscribe His t
policy, and invest sufficient resources in data
management toprovide for timely processingand
distribution It is not acceptable to delayaluable
climate data from public releasehese data are required
for many timesensitive applications includinclimate
monitoring and forecast initialization, and foise in
quality control of othedatatypes

Coordination Group andthe JCOMM Observing
Progranme Support CenterA valuablefunction of the
JCOMM OPSC could be to track and encourage the
rapid release and availabylitof repeat hydrography
datg consistent with the data policy outlined above.

7. ANIMAL -BORNE SENSORS

Miniature electronic data recorders and transngtter
have revolutionized the studyf marine animds over
the past decades.eBently animatborne instrments
have been designed amt&ployedto provide in situ
hydrographic data [28] and [29]. Animalborne
oceanographic instruments have enalgieitection ofin
situ datasets with high spatial and temporal resolution
even in regions that are seasonally-¢ogered [30],
[31], [32] and [33]. Some species areide-ranging,
while others generate quagtulerian series[33] and



[34]. Therefore, by choosing the appropriate species, 7.2 Data system and quality control
animatborne instruments can fill 'blind spots' in the
sampling coverage of existirggean observing sysns.

Data from aimakborne sensorswill need to be either
integrated into theArgo Data Managemensystem or
processed bya similar systemyet to be established
Procedures for both retime and delayednode
processingare requiredto ensuredata quality and
uniformity. So far, the animaborne instrument
community has adoptecaltime proceduresimilar to
those developedby Argo. Simple quality checks are
doneimmediatelyafter decodingandbefore data are put
on the Global Telecommunication System (GTS).
Possible offsets resulting from different attachment

: : i methods can also be corrected at this sf@ge When
Figure 8. I?amal trapks of tagged animals gollected by sufficient profiles are collected, delayetbde quéity
the o6Marine Mam@eeans Pdexop | o kdnfbPagdrithms (e.g. [24])can be used to correct
Pol edo prbjéetiRde July 2007 in polar regions.  giher possible offsets or driftslowever, as withArgo
and XBT data, final quality will depend on having

Animal-borne instrumentareproving to be sufficiently sufficient nearby reference data for validation and
accurde to be a usefuklement in sustainedcean correction of systematic errors.

obsenations [29], and their natural niche is in

complementary measurements of boundary currents, 73 Technical development

ocean fronts and of property fluxes across lines, as well

as coverage of undsampled oean regions. The To increase the vaé of animaborne instruments,

Google

largest potential contribution to global ocean further development work is needed on data
obsenationsfrom animatborne instruments ithrough communication and othe specialized CTDsind other
enhancectoverage irthe polar oceans (Fig8). Marine new sensorsAnimal-borne sensoand communication
mammals aréypically not hampered by ice, aseArgo modules must be very small and liglnd able to
floats and gliders ratherthey actively find breathig transfer profile data in the limited time an animal spends
holes, where data are then transmitted. Témees and on the sea surfaci86]. Present Iridium units are too
sections alog pack ice fronts and ice shelvesid even large, andArgos2 is not optimal because dfigh-
data from within the pack icdar from the open ocean energy use and low bandwidthfor unidirectional
providenew insights into ocean dynami@9] and[31]. communication Argos-3, with bidirectional capability,
will improve on both of these aspectsow-power
7.1 Sampling characteristics CTDs have been specially developed for this
, o application, using an inductivealinity measurement.
Animals often traversecurrens, thus poviding cross Continued effort is needed to improve the accuizmy
Cl_Jrrent vertlcallsec.tlons[35]. Such effors cannot be stability of thesesensors, asvell as to documertheir
directed as withgliders, but nonethelesgan follow characteristics and develop procedures for detayed

migration pathsto provide a degree of repeatability. ,0de quality control.
Animals oftencrosshomogeneousvater massesmnore
quicky than areas with strong horizontal gradients. This Aqditional new sensors are being developed to broaden

dadaptive samplingd incr egg Qe bf AfmandrReddrofilérd withintfeOglotal I © N

areas wheré is needed ocean observing system. The first deploymeris t

. ) . estimate chlorophylA were successfully completed
In regions with goodArgo float coverage, animdlorne [37] and the first readynade instruments will be
instruments improve temporadsolutionby provding at available within the next year. Dissolved oxygen

least daily profiles of the upper ocean along animal gensors will also be integrated into existing instruments

migrations [34]. Some animaborne instruments can  4nq the first prototypes will be deployed viittihe next
even deliver up to @rofiles a day, depending on the 4 years.

instrumentd configuration and availablebandwidth
[36]. Thus, animatborne instruments am help to
evaluate upper ocean fluxes on short timescales



7.4 Ocean observations and marine mammals temporal and spatial variability that is not resolved by

Tagging of marine mammals is acceptable only if the
resulting behavioural and ecological taldurther the y ]
science, management and conservation of the species |
involved. Interdisciplinary priects are neededto
understand the importance of the oceanographic
environment to the reproductive success and general | .
well-beingof marine mammals. $h studies need to be
longer tha one reproductive cycland matched to the
climate timescaks of the oean Longterm behavioural
studies an be carried out, which wouldlso deliver
reattime data
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8. THE SHIP OF OPPORTUNITY PROGRAM
AND THE VOLUNTARY OBSERVING SHIP
SCHEME

The VOS [38] scheme which is a ship-based
meteorology network, and the SOOR7], which
deploys XBTs and other underway ocean
measurements, are both based primarily on ocean access
provided by the commercial shippiimgdustryas well as

on opportunistic use of research vessety this reason B0 SW W 4w o SE wE  BSE 180
thetwo networkshave many common aspecandboth

are considered in this sectioWOS and SOOP are Figure 9. XBT (red) andrgo (blue) profile locations

mature networks with valuable historical dataorets. for the years 2000 (top) and 2007 (bottom) illustrate the
They both havechallenges to adapt to the changing evolution of both networks.

observing system as well as to changes in the

commercial shipping industry. transects are one of the few sources of high resolution

measurements in the boundary curref8] and the
The volatilenature of the commercial shipping industry only means of measuring tirvarying geostrophic
in todayoés economy i s mar Ransportpigtegrale frgm acep heundane i ageam c e
times of individual ships along most routes as well as boundary. In addition to XBT sampling, many SOOP
frequent changes in the routing. This characteristic, ships collect a range of other underway sea surface data,
further complicated by increased security issugghe marine meteorology, and profile d4&v].
primary challenge for the VOS and SOOP networks. For
the majority of ships, equipment installation needs to be Sibstantial issuegor the XBT networks include the
quick and temporary; for a few ships known to have Volatility of the shipping industry, makg it difficult to

longer residence times, more labotensive maintain sampling along selected routasd systematic

installations are possible. measurement errors of temperature areptd (e.g.
[26]). Systematic depth errors are thbtigo be due to

8.1 SOOP small changes in manufacturing causing proberé#s

) to varyin time. Temperature errors can result from wire
XBT networks (Fig 9, red) have been used to measure j gy jation problems leading to an overall positive

upper ocean thermal variability on basicales for the temperature biasecause of theX B T dsisple DC
past 30 years. These networks have made major priqge circuitry that can e difficult to detectand
scientific contributions to problems such as ENSO  ggtimate Two technical developments are identified that

variability and the estimation of global ocean warming .,.id add substantial value to the XBT networks:
(eg. [39]). They helped to provide scientific

justification for the Argo Program, which has replaced

- 8.1.1 Researchquality deepXBT
the original broadscale XBT networks, and they

generated statistical i nf oAresearchuglity XBTscapgbleiofhr200Q mat d0krot d e s i g
The upper ocean thermal network was reviewed poior t ~ Ship speedwith redesignedemperaure circuitry andan
OceanObs699 [40], and a mggrenic prassurepint tfar dajftraten gakibrations kse n

place in the past decade negdedDevelopmeantofiisigstruneto thepsofolyrer k s |
with their linebased sampling modes, are focused on Stage was undertaken by L&eledMartin Sippican but
is presently shelvedThis instrument is needed to



increase the accacy and depth range relative to the
conventionalXBT. It would be especially valuable for
sampling in the western boundary current regidng
would also have use in the ocean interior

8.1.2 Next-generation XBT automatic launcher

XBT autolaunchers haveeen in use for 20 years and
are valuable for automated control of high resolution
sampling ad for reducing XBT wire damagey
shifting the deployment location from the bridge wings
to the stern. However, installation can be time
consuming, requiring a t cable run, and a technician
ship-rider is usually needed for successful operation.
Attributes of a nexgeneration autolauncher would
include a selcontained unit at the stern (no cabling)
simplify installation, e a
and improved bidirectional communication capabilities
to allow near reatime data monitoring and control of
deployments from shore.

8.1.3 Data management

In addition to these incremental technical developments,
continuing improvements in data nagement wil add
further value to the SOOP XBT networks. The XBT
community should consider and adopt homogenous
quality control steps for all XBT observations, similar to
those implemented by th&rgo community. With the
implementation of BUFRBIinary Universal Fornfor

the Representation of meteorological ddtajnat, real
time databases can includgpuality control flags. The
determination and implementation of these flags, and
the effort to create delayedode databases, should be
coordinated within the scientificommunity. Metadata
should be archived tenable delayethode quality
control andare central t@addresmg fall rate issues.

8.2V0OS

Marine meteorological and surface oceanographic
measurements made by voluntary observers are
coordinated by the JCOMMWOS scheme[38], and
implemented by the national meteorological and
hydrographic servicethat participate in VOS These
observations are assimilated into numerical weather
prediction (NWP) models, and they form a research
archive used for atmosphericaralysis[41], climate
research,and monitoring and assessment of &irsea
interaction [4]. VOS data ardreely available to the
public, including via the International Comprehensive
Ocean Atmosphere Data Set (ICOA0%2] and[43]).
ICOADS includes maria observations taken as early as
1662, and for the past 50 years ships have reported all
the variables (air temperature, humidity, wind speed and
direction, SST(Sea Surface dmperature) SLP (Sea
Level Ressure) and cloud information) required to
estimae the surface turbulent and radiative fluxasd

SeoMi 8] A3

with sufficient coverage to alloglobally gridded fields
to be calculated (e.f¢4] and[45]).

Unfortunately, the VOS fleet and its global coverage has
declined over the past decadespite being the main
provider of many of theGlobal Climate Observing
System GCOS [46]) atmospheric essential climate
variables (ECVs), including air temperatuteumidity
and surface pressurever the oceansContributing
factors includdess use o$urface datan NWP relative

to satellite data,reductiors in the network ofPort
Meteorological Officers (PMOs) essential to recruit
ships and maintain standardsind the previously
mentioned volatility in shipping routes making it
difficult to maintain samling. These pressusetogether
with improving the data flow andneeting metadata
requirements, Clérréyl belngO tackled W||toh|n

8.2.1 System integration

Despite the decline in global coverage and current
pressures on the VOS fleet, the VOS data dheast
essential component of the global ocean observing
system to provide to long term observations of SST, air
temperature and humidity, SLP, wind speead
direction. Estimates ofwave weather, and cloud
parameters are also needed to extend-tenp chtasets
[47], [44] and[48]. To ensure adequate data coverage of
the different parameters requires observations from
many slips, some with traditional obsenational
methodsto give broad coverage at ourly intervals
and a subset with high quality instnentation making
more frequent observations. The strengthening of
emerging links between VOS and the Shipboard
Automated Meteorological an@ceanographic Systems
(SAMOS) initiative would enable research vessels to
contribute more effectively to the VOSggram, and
allow the VOS to take advantage of the sophisticated

measurement and quality assurance systems developed

by SAMOS. Many VOS are already equipped with
automatic systems and VOS and SAMOS share
common goals including the wide provision of high
quality, consistent data to the research community.
SAMOS-equipped research vessels also contribute data
in many regions that are not visited by commercial

shipping.

8.2.2 Need for defined sampling requirements

Although the VOS are an importantnd continung
component of5COS the reyuirements for VOS are not
well defined. This is in part due to the separate
treatment of the atmospheric and marine components of
the GCOS implementation pldd6], resulting in wel
defined metrics and requirements for thearime
component but less wallefined metrics and
requirements for the atmospheric component over the
oceans. Improving the definition of the user
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requirements for the atmospheric ECVs over the oceans Automated sampling of meteorological and ocean
and the metrics by which the completeness of the surface variables is both a challenge and great
atmosphac observing system is measured are essential opportunity for the coming decade. hopides a host of

to define the data requirements for the VG&eme benefits to both the operator and the data collector, but
(and the widein situ observing system) and to properly also poses challenges for differentiating automated and
integrate the observations@COS. Presently the shape manual observations. Automated observing systems can

of the VOS fleet, and hence the contributafvVOS to collect a wide range of ocean and atmospheric
GCOS, is set by the priorities of thaational parameters desired by theatellite observing and
meteorological and hydrographic servieeiso fund the ocean/atmosphere modeling communities, for example

data collection rather than by requirements for climate radiation, currents, and pCO2. The coming decade will
research and monitoring. However defining metrics for include a continued move towards automation of

the surface meteorological obsewyi system will underway measurements on ships participating in VOS,
require research including improved estimates of SOOP, or select researchpevations (e.g., repeat

variability over the ocean. hydrography).

9. AUTOMATE D UNDERWAY OBSERVATI ONS The key for the next decade is to improve the

stewardship of automated underway observations to
make them available for integration into models or for
use for validation or algorithm development in the
satellite and ia-sea flux communities. Ongoing national
efforts to collect all underway observations from
shipgnot just those from repeat hydrographic research
cruises) should be continued and expanded. Examples
include the SAMOS initiative [50] and the Rolling Deck
to Repository Project in the U.S., the Australian
Integrated Marine Observing System, the French led
Global Ocean Surface Underway Data project, and a
developing program in Germany to collect underway
' data from their ocean class research vessels.

Alongside the €hourly sampling of basic weather
variables from VOS, the past decade has seen the rapid
expansion of highlempoal (<1 min. interval samples)
automated observations on some commercial and
research vesself49]. These sophisticated suites of
meteorological and oceanographic instrumentation
provide a detailed picture of conditions at the-sgia
interface. Atmospheriomeasurements include winds,
humidity, air temperature, pressure, and precipitation.
Common atmospheric radiation measurements include
total solar (shortwave) and downwelling longwave
(from clouds and sky). Occasionally vessels deploy net
ultraviolet, andphotosynthetically active radiometers.
Ocean measurements from continuous water sampling
systems include sea surface temperature, salinity, and in
some cases florescence and dissolved oxygen.
Additional underway measurements include
atmospheric and oceanpCQ, direct fluxes, radiative
SST, currents (e.g., from an Acoustic Doppler Current
Profiler, ADCP), and bathymetry.

Expanding interactions and partnerships between
existing programs is also needed. The SOOP program is
beginning to consider its role in the collection of data
from ADCP, thermosalinograph, and other underway
watersampling systems. As more VOS begin using
automatedveather systems, the opportunity exists to

Figure 10. Present surfaceifter locations (circles) and altimetrgerived eddy length scales (shading, km) [53].

collect hightemporal samples (<1 min interval) desired same AWS(Automatic Weather $ation) to support the
by the research and satellite commities using the goals of numerical weather forecasting centers. Further



