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ABSTRACT

There has been tremendous progress in the last decade
in observing surface circulation and its variability,
mainly resulting from the longer records and higher
quality of various satellite and surface drifter data sets,
along with new analysis methods. Observation of upper
ocean subsurface circulation is necessarily lagging
behind because in situ sampling cannot match the
satellite coverage; progress is being made using Argo
profiling, subsurface velocities (moorings and floats),
and data assimilation. Western and eastern boundary
regions have very different spatial and temporal
sampling requirements from the interior circulation and
from each other; few are fully instrumented for long-
term monitoring, but these are producing climate-
appropriate records of velocity, temperature and
transport. Coastal circulation is increasingly monitored
by high frequency radars.

Ventilation and upwelling processes connect the surface
layer and underlying interior. Locally these processes
are complex combinations of air-sea fluxes, convection,
stratification/restratification, and frontal processes,
down to the submesoscale (1 to 10 km). Ongoing
research ship observations provide quantitative
information on formation rates and residence times, and
compelling evidence of decadal ventilation changes.
The Argo profiler network is beginning to produce time
series that show interannual variations in major water
masses.  Combination of improving air-sea flux
products and surface density distributions is yielding
ever-improving quantitative estimates of formation rates
and variability. Progress in understanding the many
processes involved in ventilation has been made through
regional experiments and high-resolution modeling of
mixed layer and frontal processes.

Recommendations for the next decade include:
maintenance of relevant existing observing systems,
continued improvement of air-sea flux products,
continued improvement of synthesis methods,
implementation of the satellite SWOT and surface
salinity missions, expansion of autonomous subsurface
profiling to include oxygen and turbulence profiling,

and implementation of local observing systems in
strategic locations in boundary currents and dense water
formation sites.

1. INTRODUCTION

This paper considers observing systems for: (1) the
surface circulation and some aspects of subsurface
circulation in the wind-driven gyres (section 2), and (2)
ventilation/upwelling processes that connect the surface
and interior (section 3). Tables 1 and 2 summarize the
observational programs, data products, and some new
results from the last decade that are the building blocks
for the next decade of observations and syntheses.
Principal recommendations for observations in the next
decade are listed in section 4 and Table 3.

Community white papers for OceanObs09 that are
especially relevant to these two topics include those
discussing surface circulation, boundary current arrays,
Argo profiling, the SWOT satellite mission, oxygen
profiling on Argo, EM velocity profiling on Argo, the
satellite surface salinity mission, and the OceanSITES
program [1-13].

2. SURFACE CIRCULATION

The ocean’s surface circulation is closely entwined with
human activity, along with surface waves and tides.
Knowledge of the circulation and its evolution has
impacts on navigation, fisheries, and increasingly,
prediction of ocean-atmosphere interaction. Thus there
is a great deal of effort in the form of government
funding, satellite instrumentation, in situ observations,
and synthesis. Enormous progress has been made in the
last decade in providing near real-time products at very
high spatial resolution. Examples of discoveries in the
last decade that result from the availability of such
information include the spatial distribution and
coherence of mesoscale eddies and eddy energy, the
effect of SST gradients that result from the circulation
on the overlying atmosphere, and the distribution of
inertial energy in the surface layer that directly connects
the wind momentum to the ocean.



The observing system as it exists today consists of
satellite instrumentation, surface drifters, Argo profilers,
a global tropical moored array, ship-based ADCP
profilers, coastal high-frequency radars, and a small
number of intensive boundary current observatories.
Together with new analysis methods, including state
estimation, this system has recently born great fruit. The
largest gap in the observing system, which is an
accurate model of the geoid, is being aggressively
pursued. The altimetry that is used to produce very
high-resolution surface currents is itself of rather coarse
spatial resolution: a proposed satellite mission that
focuses on directly measuring much smaller spatial
scales would likely provide a quantum leap in
knowledge of the surface circulation (SWOT CWP[5]).
The prospect of demise in any one of the existing
components of the system should be met with great
concern. The present example is the QuikSCAT
instrument for high-resolution winds, which ceased
operating November 23, 2009 without an obvious
replacement; these observations have been critically
important for surface circulation and forcing products.

If we extend our focus here to the subsurface
circulation, even within the upper ocean (say, top 1000
meters), there is far less information and far less
analysis than for the surface circulation. There is no
subsurface observing system comparable in space and
time scales to the satellite-based observing system. The
Argo profiling float network is the only global
observing system within the water column, and its
continued success is absolutely essential to progress in
improving mapping of the time-dependent subsurface
circulation. High-resolution state estimation appears to
be the best route to providing high-resolution subsurface
circulation products, combining the high-resolution
surface observations and coarse-resolution Argo density
profiles through a high-resolution ocean model.

Observing systems that monitor transports and water
properties are essential for quantifying seasonal to
climate-related variability. The RAPID/MOCHA array
at 24°N in the Atlantic, which is measuring changes in
the overturning transport of the North Atlantic, is a
model of what can be achieved if the objectives are
deemed worthy of the expense. Monitoring of the
meridional overturning circulation in the South Atlantic
is also now beginning; correlated signals of North and
South Atlantic might help filter out local effects and
better isolate large-scale climate variations. Monitoring
of just the western boundary current portion of each
major circulation system should be an objective for the
next decade.

As there is a large amount of ongoing work to improve
surface, and, to a lesser extent, subsurface circulation
products, this summary of current progress is

necessarily truncated and a moving target.  The
recommendations in section 2.3 represent only the
broadest goals.

2.1. Surface circulation observations at the end of the
1990s

A useful summary of the state of knowledge of the
surface circulation at the end of the 1990s can be found
in a chapter in a book summarizing achievements of the
World Ocean Circulation Experiment and other global
experiments of the 1990s [14].

At the end of the 1990s, the instrumentation now used
for observing the surface circulation was already
developed, if not fully implemented globally, and has
not changed in the last decade other than in major
improvements in  sampling and  incremental
improvements in technology. The principal observing
systems include: (a) density profiles that provide surface
dynamic topography relative to a reference velocity
level (the data set spanning the most decades), (b)
altimetry from various satellites with a precise climate
record beginning in 1993, (c) surface drifters drogued at
a consistent depth within the full array (15 m), reporting
their location several times a day, beginning in 1979 and
expanding in earnest in the 1990s, and (d) moored
velocity arrays that are more regional than these global
data sets.

In the 1980s and 1990s a global analysis of the mean
surface steric height, based on in situ hydrographic data,
was constructed ([15-17]); the complete flow field at all
levels was constructed through adjustment of the steric
height. Inverse box models, whose formalism was
developed in the 1970s and 1980s (see [18]), were
employed in the 1990s and 2000s at a global scale to
compute the large-scale circulation, with the focus on
mean transports and their convergences rather than on
mapping the surface circulation per se (e.g. [19] and
[20]).

In the 1990s, the newly available satellite altimetry
allowed near real-time mapping of surface height
anomalies, at approximately weekly resolution (e.g.
SWOT CWP [5]). The first global state estimates of
surface dynamic topography, incorporating global
observations of satellite altimetry, a temperature-salinity
climatology for the interior, and air-sea fluxes, are
represented by [21], based on observations from the
1990s. This analysis was aimed at the next important
step, of obtaining global fields of the time-dependent
surface circulation as well as the best mean field. This
state estimate approach is the basis for much of the
continuing work on upper ocean circulation in the
2000s, up to the present.



Direct observations of currents in the surface layer were
available globally by the end of the 1990s, from the
surface drifter network deployed as part of the
international TOGA and WOCE programs, summarized
in [14]. The global mean velocity was mapped from
these drifters at a spatial latitude-longitude resolution of
2°x6°, which was the best that could be achieved
globally with the then-existing data set. Higher spatial
resolution was available in regions of higher drifter
density, with a standard error that matched the velocities
obtained from satellite altimetry. An important
dynamical result from this program was demonstration
of the large-scale Ekman-like response to wind stress
[14,22].

Upper ocean moored velocity arrays were deployed in
numerous key locations in the 1990s, including western
and eastern boundary currents and across the tropical
Pacific (TAO array). The latter was expanded to the
Atlantic starting in 1997 (Pirata array), and became a
part of the global observing system, with data release in
near real-time. Full implementation of the TAO array
concept in the tropical Atlantic occurred in the 2000s
and is now being expanded to the Indian Ocean [23].
The ocean velocity component of the TAO time series
has been less continuous and consistent than
observations of temperature, salinity and atmospheric
conditions, and remains so at present.

Table 1. Examples of surface and subsurface circulation observations, techniques and scientific results

Data products

High quality, high-resolution (mesoscale) global mapping of currents and their variability

High-resolution boundary current mapping and variability

Observing and Global surface drifter program

modeling

Global profiling float program (Argo), SSOP (VOS) program

techniques Satellite surface height (altimetry)

Other satellite observations for blended products: high-resolution winds, SST, air-sea fluxes

Satellite geoid (GRACE)

High frequency coastal radar network

Data assimilation (state estimation)

High-resolution ocean models

Local process experiments

Examples of

new scientific atmosphere

Mid-latitude influence of ocean structures, mostly SST fronts in strong currents or eddies, on the

results in the

Zonality of major ocean current structures in many places

2000s Nearly ubiquitous existence of closed eddies (cyclonic and anticyclonic)

Strength of near-inertial motions in storm track regions as well as in the tropics

Evolution of currents: dynamical processes and climate timescales

Eddy energy mapping and relation to circulation and stratification structures

2.2. Surface circulation observations at the end of the
2000s

A decade of extending the observing systems that were
first implemented in the 1980s and 1990s, along with
improvements in sampling and especially improvements
in analysis methods and modeling, have led to surface
circulation products that are truly remarkable in terms of
temporal and spatial resolution.

Table 1 lists the main data products for the surface
circulation, principal observing system elements, and
examples of major scientific results stemming from
these systems. Not included on the list are the major
advances in methods for synthesizing the observations
in themselves or in conjunction with numerical models;
these advances are of equal importance and would not
have been possible without significant resource
allocations. Increasing computer power has also been
an important factor.

Estimates of surface dynamic topography in the 1990s
and before were derived from hydrographic profiles
without direct measurements of the sea surface height or
velocity. In the 2000s, accumulation of a critical mass
of uniformly high-quality drifter trajectories, many
years of satellite sea level anomaly data, and new
information about the geoid derived from the GRACE
mission (Tapley et al., 2004) resulted in production of
high resolution global mean dynamic topographies (Fig.
1a)[24] [25]. A companion figure of the mean surface
trajectories and current strength (total velocity, not just
geostrophic) was also produced by [25], shown in the
surface circulation CWP [2] (their Fig. 2). These new
products have not only improved the accuracy of
description of the large-scale geostrophic circulation but
they have changed the notion of the velocity structure in
frontal zones. The Gulf Stream, the Kuroshio Extension,
and the Antarctic Circumpolar Current all demonstrate
complex systems of narrow jets, remaining surprisingly
sharp in the multi-year mean despite the high eddy
activity. A global grid of quasi-zonal jet-like features




emerged from the noise of previous observations
[12,25].

While sea level variability can be easily derived from
satellite altimetry data, the absolute field requires
detailed spatial knowledge of the (stationary) geoid. If
the temperature and salinity structures are known, their
effect on surface height can be removed to sort out the
effects of thermal and haline expansion from that due to
mass distribution. Improving observations of the geoid
are resulting from the NASA GRACE and ESA GOCE
missions, which together will refine the spatial
resolution of the mean geoid to 100 km. The global
Argo profiling data set is providing the in situ
temperature and salinity data. The international Ocean
Surface Topography Mission Science Team [26] is the
umbrella organization for these improvements. Their
extensive activities can only be partially represented in
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this brief summary. Many products are available and
are distributed freely through the internet. A mean
surface topography map from satellite altimetry [27] is
presented as Fig. 6 in the boundary current CWP [10];
this map is the prototype for ongoing surface height
analyses that use the methodology introduced in that
paper. (For the 2010 edition, see [28].) Maps of sea
level anomaly are routinely produced by the space
agencies; as an example, the monthly mean for April
from Aviso [29] is shown in Fig. 1b. State estimation
groups now also routinely produce surface topographies,
based mainly on satellite altimetry (example in Fig. 1c).
With the routine production of surface height maps and
surface circulations, it is now easy to track the signature
of El Nifo, for instance (e.g. Fig. 1d from [30]), and
potentially to detect deep convection events from space
[31].
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Figure 1. (a) Mean surface dynamic topography (dyn cm), with 10 cm contour intervals, based on surface drifters (from
[25]). (b) Example of monthly climatology of sea level anomalies produced by Aviso, here for April relative to the mean
for 1993 through 2008 (from [29]). (c) Example of a synoptic surface height data set from a state estimate that
incorporates satellite altimetry (GECCO) (from [32]). (d) Example of surface height anomaly from the Jason-2 mission
(Jan. 3, 2010), with anomalously high surface height in the tropical Pacific indicative of the ongoing El Ninio (from

[30]).

Subsurface circulation fields are not as readily
produced. The Argo network for temperature and
salinity profiles is now fully implemented globally,
yielding adequate spatial information for global
mapping of dynamic topography in the ocean interior
(Fig. 2) [33]. The spatial resolution of this field is
necessarily much coarser than that of the surface field,
since there is no equivalent to the satellite altimeter for
the interior ocean. The Argo-based subsurface dynamic
topography at 200 dbar relative to 2000 dbar shows the
familiar poleward shift of the surface subtropical
geostrophic circulations with just a short distance down
into the interior, as well as the much more depth-

independent subpolar circulations in the North Atlantic
and North Pacific, with enough data in the Southern
Ocean to begin to show the northern side of the more
depth-independent Antarctic Circumpolar Current.
Obtaining the absolute circulation at subsurface levels
follows two directions: state estimation (just as for the
surface circulation) and geostrophic referencing using
the absolute surface circulation obtained as described
above. Additional velocity estimates come from the
Argo float displacements during the submerged phase of
their cycle [34].



Higher resolution gridded subsurface fields of velocity
or T/S are also being constructed from altimetry and in-
situ data sets. These time-evolving subsurface fields are
based on statistical projections of the surface altimetric
data onto vertical modes, (e.g. [35,36]) and corrected
with in-situ Argo profiles (e.g. [37]).
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Figure 2. Steric height (dyn cm) relative to 2000 dbar at
(a) 200 dbar and (b) 1000 dbar, using mean
temperature and salinity from five years of float profiles
(2004-2008) [33].

With 15 years of satellite altimetry and many additional
years of good surface drifter coverage, accurate maps of
surface eddy kinetic energy (EKE) are now available
(Fig. 3). Since the EKE calculation is based on
anomalies from the mean rather than the mean field,
such maps are much more easily and accurately
produced from altimetry than are maps of the absolute
surface height. Thus EKE maps from altimetry (e.g. Fig.
3a) were already available at the end of the 1990s, after
just a few years of altimetry measurements, with more
than enough accuracy and information to calculate
various eddy statistics ([38], [39], [40]). EKE maps
from surface drifters (Fig. 3b) are much more recent
products, reflecting extension of the observing system
to nearly global coverage in the 2000s. Both the
altimetric and drifter EKE maps show high EKE in the
expected energetic currents, and in the tropics.
Interesting features of these maps, that weren’t robustly
apparent in the historical EKE maps based on ship drift,
are the subtropical zonal bands of high EKE in the
Subtropical Countercurrents (North and South Pacific,
Indian Ocean, South Atlantic) and the Azores Current
(North Atlantic); while current speeds are modest, the
near-surface vertical shear is large, thus generating high
EKE due mainly to baroclinic instability (e.g. [41]).

The long altimetric time series also allows investigation
into the time varying EKE. Indeed there is a strong

interplay between changes in the large-scale circulation
and the EKE response related to climate mode forcing
(e.g. [42-44)).

Horizontal eddy diffusivities can now be quantified at
the sea surface using the extensive Lagrangian drifter
data sets, and compared with similar estimates from
high-resolution numerical models. Methods for

calculating the diffusivity are not standardized, but
produce values that can exceed 2x10* m%s (2x10°
cm?/s), with large spatial variation ([45] and [46]).
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Figure 3. (a) Eddy kinetic energy (cm’ s7) from
geostrophic velocities calculated from satellite altimetry
from 1992 to 1998 [40]. The equatorial band is blank
because geostrophic velocities cannot be calculated
there. (b) Eddy kinetic energy (cm’ s°) from surface
drifters [47].

With the availability of satellite altimetry, high-
resolution satellite winds, and ocean models, including
very simple ones, surface circulation is now being
mapped at extremely high resolution (1/4° to 1/3°) on
time scales of several days, sufficient to see
submesoscale features and current branching. High
resolution (1/4°) surface circulation in the western
tropical Pacific and near Kerguelen, resolving the
mesoscale and submesoscale, respectively, is shown in
Fig. 4 from [48], using methodology discussed in [49].
An example of 1/3° daily mapping for the Gulf Stream,
from the OSCAR analysis [50], which incorporates
Jason altimetry and the very high-resolution QuikSCAT
winds, is shown in the surface circulation CWP [2],
along with several other examples from the Kuroshio
[51]. The surface circulation CWP [2] describes the



methodology and makes recommendations for ongoing
improvements in these products. Some of these
recommendations are included in the summary below.

With  increasingly  sophisticated data  analysis
techniques, the altimetry data set has been mined to find
coherent eddies, which are now shown to exist in large
regions of the oceans (Fig. 5, taken from [52]). The
major bands of eddies resemble the mid and high
latitude bands of high EKE of Fig. 3: in the western
boundary currents/extensions, in the subtropics where
flow is eastward, and in the Antarctic Circumpolar
Current (ACC). The eddies mostly propagate almost due
west relative to the mean flow; in the ACC where the
flow is strongly eastward, the eddies are advected
eastward. Although the eddies are strongest (highest sea
surface height) in the western boundary current
extensions, their populations are highest in the ACC and
the mid-latitude Subtropical Countercurrents.
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Figure 4. Examples of high-resolution (1/4°), nearly
synoptic (7 day period) mapping of surface currents
using altimetric surface height and scatterometry winds:
(a) western tropical Pacific, showing velocity vectors
overlaid on sea level anomaly (cm) and (b) Kerguelen
Island, showing kinematic fronts overlaid on
chlorophyll (from [48]).
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Figure 5. Tracks of coherent eddies with lifetimes of
more than 4 weeks, based on altimetric sea surface
height. (a) Cyclonic and (b) anticyclonic eddies, color
coded by a “nonlinearity parameter”, which is the ratio
of velocity within the eddy compared with the eddy
propagation speed. White areas indicate no eddies or
trajectories within 10° latitude of the equator (from

[52]).

Boundary currents pose special observational
requirements because of their narrowness, high speeds
and transports, variability and proximity to land, which
degrades the accuracy of altimetric results (e.g. the two
CWPs focusing on boundary currents [3,10]). The
global drifter data set has begun to resolve them (see
figures from [25] in the [2] CWP), but intensive, local
observations are necessary to monitor these systems.
Prior to the last decade, there were intensive studies of
many of the Northern Hemisphere western boundary
current systems (Gulf Stream, North Atlantic Current,
Labrador Current, East Greenland Current, Kuroshio,
Oyashio). In the 2000s, these studies were
complemented by the intensive studies and analyses of
equivalent Southern Hemisphere western boundary
currents (Fig. 6), including research ship surveys and
moored current observations. Satellite data, mainly of
SST because of its very high spatial resolution and large
gradients that highlight the western boundary currents,
complement these in sifu observations. There is
arguably now enough information about each of the
mid-latitude western boundary currents and its role in
maintenance of heat and other transports to permit
excellent design of ongoing monitoring (see [3,10]).
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Figure 6. High-resolution observations of western boundary currents: (a) Malvinas Current [53], (b) East Australian
Current [54]), and (c) Agulhas Current [55], which were sampled and described at much higher resolution in the
2000s than in previous decades. (d) Example of high-resolution ocean circulation model output for the Kuroshio [56].

The influence of large SST gradients on the
atmosphere’s surface fronts and storm track is becoming
increasingly clear, with a large number of analyses and
publications in the last few years ([57] and [58]; see the
air-sea flux CWP [3]). The high SST gradients are
associated with vigorous currents such as the Gulf
Stream, Kuroshio and Agulhas. These are illustrated by
[59], who used the high-resolution QuikSCAT wind
observations to show the relationship between SST
structures and wind curl. SST advection by the strong

currents creates the large gradients. Moreover, what is
Log,,((m/s)/cpd)

likely most important for the ocean-atmosphere
interaction is the heat content of the surface layer rather
than simply the SST, since air-sea interaction can
obliterate a very shallow SST gradient quickly. If high
SST is accompanied by a thick layer of elevated
temperature, then the energy source for the air-sea
interaction can be sustained (e.g. [60]). Monitoring of
circulation and SST in regions where gradients are
shown to have the most impact on the atmosphere is
recommended.

Latitude

Frequency v (cpd)

Figure 7. Near-inertial energy from surface drifters. (a) Rotary power spectra in 2.5° latitude bins in the Pacific
Ocean. The solid curve is the inertial frequency at each latitude; the dashed curve is twice the inertial frequency.
Negative frequencies rotate counterclockwise and positive frequencies rotate clockwise [61]. (b) Average inertial

current speeds (cm/sec) [62].



The final topic considered in this discussion of the last
decade’s progress in surface circulation is the
demonstration and global quantification of near-inertial
motions (see also the CWP discussing EM profiling on
Argo [9]). These are of interest because the transfer of
momentum from the wind to the ocean, especially in
creation of turbulence and wind mixing of the surface
layer, occurs largely through near-inertial motions.
Since January 2005, surface drifter locations are
obtained approximately hourly, sufficient to extract their
inertial time scales. Based on the global drifter data set,
near-inertial frequencies dominate at all latitudes (Fig.
7a) [61]. Mapped globally (Fig. 7b from [62]), inertial
current speeds are on the order of 10 cm/sec, and up to
more than 20 cm/sec in the mid-latitude storm track
regions. A particularly important finding was that the
most commonly used parameterization of inertial
motions from wind speeds, which is used to drive mixed
layer stirring in ocean models, is seriously deficient in
predicting the actual distribution of inertial motion [62].

In summary, the tremendous progress over the last
decade in surface and subsurface circulation products,
which have led both to important practical applications
as well as to revelations about upper ocean physics, is
the direct result of concerted efforts to implement the
global observing system, including satellite altimetry
and winds, surface drifters, and subsurface profiling
floats, as well as sufficient resources (manpower,
computing) to develop synthesis methods and produce
near real-time data products.

2.3. Surface circulation in the next decade

The principal recommendation for continuing to
quantify and map the surface and near-surface
circulation in the next decade is to continue the
programs that are already extremely successful. These
include:

¢ Satellite altimetry and scatterometry

* Satellite geoid missions and analysis

* Global surface drifter deployments with uniform
specifications for drogue capability and depth

* Global Argo profiling of temperature and salinity
([2,4] CWPs).

* High frequency coastal radar networks

Progress in improving these products, in terms of
continued reduction of error, is coming from
increasingly precise knowledge of the geoid (e.g. [27]
and [26]), and ongoing activity in synthesizing the
observations through simple models and state estimation
(e.g. OSCAR [50], CTOH [48], ECCO [32], SCUD

[63]).

The demise of QuikSCAT is of enormous concern;
replacement of this indispensible instrument is a top
priority.  Similarly, if there were any threat to the
altimetry, Argo profiling or surface drifter programs,
surface circulation products would be seriously
compromised.

Observing systems that can add significantly to the
information from these global programs include:

* High-resolution altimetry (SWOT)

* Global velocity profiling (Argo augmentation)

* Regional boundary current monitoring arrays
([3,10] CWPs).

Surface gliders, while not proposed as a separate
observing system as part of this conference, might
emerge as very useful for monitoring in restricted
regions such as boundary currents. With the
increasingly high-resolution surface measurements,
progress must be made in understanding the momentum
balance in the surface layer, including the significant
ageostrophic elements that are not simply the result of
Ekman response; this should be addressed through
process experiments.

No specific Community White Papers have been
submitted to address improvement of subsurface
circulation products. Incorporation of velocity
measurements in an augmentation of Argo profiling ([9]
CWP) and continued progress in high-resolution state
estimation, based on continuing altimetry and Argo
profiling, are likely approaches.

3. VENTILATION

Ocean ventilation is the process of communicating
surface properties to the ocean interior. The surface
layer is usually vertically mixed to some extent, and this
mixed layer contains the water that moves downward.
Ventilation is often, but not always, associated with an
increase in density of the surface waters, and hence is
usually a seasonal process in which the densest late
winter surface water is the primary ventilation source.
To completely describe the interior connection with the
surface layer, upwelling processes are equally important
to resolve.

Several distinctive processes for moving mixed layer
properties into the ocean interior are described, among
them: subduction, in which downward Ekman pumping
and/or horizontal advection of mixed layers with
spatially varying depths, combined with seasonal
restratification, leaves a newly-ventilated sublayer
beneath the evolving mixed layer; convection, in which
buoyancy forcing creates a mixed layer that is clearly



deeper than a wind-stirred mixed layer, and that is then
seasonally reabsorbed into the interior; brine rejection,
in which salt rejected by sea ice formation creates dense
water that can flow down an undersea slope; and
diapycnal diffusion at the base of the mixed layer.
Convection can be divided into moderate (150 m to
about 600 m) and deep (> 1000 m), with the former
occurring over relatively large regions adjacent to strong
current fronts, usually referred to as mode water
formation areas, and the latter occurring in specific,
isolated locations [64].

Processes that move interior waters back to the sea
surface are less clearly defined, but include obduction,
in which Ekman suction upwells waters into the mixed
layer, convection, in which waters below the mixed
layer are entrained into the mixed layer, and diapycnal
diffusion.

Exploring the details of each of these processes is still
an open, vigorous research area.

Techniques for quantifying ventilation processes and
rates include: (i) estimating the rate of flow into each
isopycnal layer in the interior based on air-sea buoyancy
fluxes (“Walin method” [65]), (ii) estimating the rate of
flow into the interior based on properties and transports
at the injection site, (iii) large-scale transport budgets
for enclosed geographical regions that infer flow from
the surface into interior layers based on net
transformation between isopycnal layers, (iv) residence
time calculations that combine the rate of flow from the
surface source into a volume with the volume of that
reservoir, and (v) ventilation-relevant tracer inventory
methods, including quantifying the gases that invade a
region from the surface layer and use of age
information.

The goal of this white paper is to recommend
observations for the next decade. Therefore the next
section (3.1) is organized around the vertical part of the
water column that is observed, rather than approaching
the suite of observations needed for each of these five
processes and five techniques, since multiple processes
and techniques can be addressed with given sets of
observations in each of these regimes. These water
column regimes include: (a) the air-sea interface, (b) the
mixed layer, including broad-scale characterization as
well as localized observations in known deep
convection regions, (c) the connection between the
mixed layer and the interior, and (d) the interior ocean.

In section 3.2 and Tables 2 and 3, the broad suite of
observations used to study ventilation is summarized,
including: air-sea fluxes of buoyancy (heat and
freshwater), winds (for Ekman pumping), horizontal
velocities, in situ temperature and salinity, in situ

dissolved gas content (oxygen, chlorofluorocarbons,
helium 3, carbon dioxide), and nutrient and tritium
content. Specific experiments designed to understand
various aspects of ventilation are ongoing and still very
much required.

3.1. Observations relevant to ventilation processes
3.1.a. Air-sea interface

Air-sea fluxes of momentum and buoyancy drive the
ocean circulation and set water properties. Both are
essential inputs to mixed layer models. Thus, ever-
improving products for both winds and air-sea heat and
freshwater flux components are essential. Wind stress
products are also essential for the surface circulation
analyses described in section 2.

For ventilation studies, horizontal surface velocities and
their convergences/divergences are required, as well as
the turbulent energy input to the mixed layer that drives
exchange across the base of the mixed layer. Wind
stress and wind stress curl can be used to directly
calculate surface layer transports and
convergences/divergences that are used for subduction
calculations, through the interaction of horizontal
velocity with varying mixed layer depth, and through
Ekman pumping out of the mixed layer. They can also
be used in surface circulation analyses to provide more
directly the surface currents at small spatial scales that
can be used for these same transport and convergence
calculations, rather than directly using the wind stresses.

With the QuikSCAT mission, surface wind stress with
high spatial resolution was available in near real-time.
[59] and [66] document the derivatives, including wind
stress curl (Fig. 4 above), and provide a climatology
with 1/4° resolution. The very fine resolution matches
well-known strong features of the ocean circulation and
permanent front and eddy fields, and promises to yield
much better local results than reanalysis winds relevant
to upwelling and downwelling, and hence ventilation.

Air-sea buoyancy fluxes also drive the mixed layer
deepening and are responsible for much of the
restratification. Observations of these fluxes remain
inadequate [e.g. the report from the Working Group on
Air Sea Fluxes [67], much of which remains relevant
ten years later], but there is a large amount of ongoing
effort towards improving them. Recent global products
that blend satellite, in situ, and reanalysis products
([68]; [69]), have significantly reduced uncertainties in
the fluxes, but much work remains, possibly through
increased implementation of ocean state estimates
alongside the atmospheric reanalyses that produce many
of the basic components of the fluxes.



With high quality surface buoyancy flux data sets, water
mass formation and destruction rates in isopycnal layers
can be estimated, following the Walin method, as first
applied to large regions by [70]. A thorough exposition
of the method and its application is found in [71]. The
method can be applied to time-dependent outcrops,
yielding annual cycles and multi-year time series of
formation rates such that interannual variability can be
estimated (e.g. [72]). Limitations to this method of
inferring water mass formation directly from surface
fluxes are the quality of the fluxes themselves, and
diapycnal mixing within the ocean interior.

Diapycnal fluxes through the base of the mixed layer are
also a mechanism for ventilating the ocean interior, and
also for returning interior water to the sea surface (as

evidenced in high nutrient content in the surface layer in
upwelling regions). Analyses of mixing at the base of
the mixed layer, driven by momentum and buoyancy
fluxes, will be ever more important in understanding the
connection between the surface and interior ocean. This
is an area of ongoing research; see the CWP addressing
ocean mixing [9].

Finally, air-sea gas exchanges are important for the
overall inventories of carbon dioxide, and for
inventories of gases used to estimate ventilation rates
and residence times, such as chlorofluorocarbons, SFg
and oxygen. Surface layer values of these gases are not
uniform, with undersaturation common in actively
convecting regions, and with supersaturation near the
sea surface common during restratification.

Table 2. Ventilation observations and examples for OceanObs(09

Data products

Air-sea flux estimates of ventilation rates (Walin-type)

Mixed layer properties and circulation

Local deep convection studies

Studies of connection of mixed layer to ocean interior

Global scale products of ventilation-relevant properties

Observing and

Satellite observations of SSH, SST, winds, air-sea fluxes

modeling

Reanalysis products yielding air-sea fluxes, winds, etc., and ocean data assimilation products

techniques

Global profiling float program and VOS program

Global scale hydrographic observations including chemical tracers

Local process experiments including seasonal cycles, mixing processes

Very high-resolution modeling

Examples of
new scientific

Depth dependence of recently ventilated water column readily
recognized and quantified from T/S changes, chemistry

results in the
2000s near strong fronts

Great complexity of processes involved in subduction and water mass formation (mode waters)

Heterogeneity of mixing in the connection from mixed layer to the interior

ventilation

Importance of mesoscale (eddies and major currents) and submesoscale (filaments and fronts) for

3.1.b. Mixed layer

The mixed layer is the location for exchange of
properties with the atmosphere, “resetting” those that
are in equilibration with the atmosphere, and absorbing
the momentum and buoyancy air-sea fluxes. Mapping
the seasonally and interannually-evolving mixed layer
and its properties is essential. Global upper ocean data
sets with temperature and salinity profiles and full year
coverage are used, as are surface circulation products
(see section 2). Prior to the 1990s and 2000s, globally
distributed profiles, especially for winter, were sparse,
and proxies of winter mixed layer depth were
sometimes used, such as the depth of a given oxygen
saturation horizon or the depth of the base of a layer of
low stratification that was identified as the remnant
winter mixed layer.

With observations of circulation, mixed layer depth,
temperature, salinity and density, subduction and

obduction from the mixed layer can be calculated.
Convection sites can be identified and time series of
mixed layer properties constructed in the convecting
regions.

From the 1970s into the 1990s, the principal broad-scale
profiling data sets were the upper ocean thermal profile
data from expendable bathythermographs (XBTs), plus
all research ship-based profiles, archived at the World
Data Center. Because this data set is dominated by the
temperature profiles, the mixed layer climatologies
published in the early to mid-2000s are based mainly on
temperature [73,74] (Fig. 8). The sparse data coverage
globally means that these products are climatological
averages, combining data from all available years.
Temporal evolution of the mid-ocean mixed layer with
seasonal to decadal resolution is possible at Ocean
Weather Ship sites and dedicated time series stations
such as those near Bermuda, Hawaii, north of Iceland,
and south of Honshu.
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Figure 8. Global mixed layer depth climatology in late winter for both hemispheres (February and August), based on
temperature profiles and a temperature threshold criterion for the mixed layer depth [74].

In the 1990s, broad scale profiling from autonomous
floats was initiated as part of the World Ocean
Circulation Experiment [75], with the network growing
to global in the 2000s, as the Argo array [76]. All floats
in the Argo array make a vertical profile of temperature
and salinity every ten days to 1800 m depth. While
horizontal coverage remains somewhat sparse, there are
enough profiles in almost every ice-free, open ocean
region to construct time series of evolving mixed layer
depth, finally now allowing this critical component of
ocean ventilation to be observed with full seasonal and
interannual resolution. An example from [77], of a time
series constructed from Argo profiles in the central
Labrador Sea for the Labrador Sea where the late winter
mixed layer is especially deep due to convection, is
shown in the Argo program CWP [4].

The advances through the 2000s in mapping the
geographic  distributions of mixed layer depth,
temperature, salinity and density due to the Argo array
have been stunning; it is critically important to maintain
this array for the foreseeable future. That said,
approximately 25% of the upper ocean profiles continue
to be from XBTs, especially along specially-
instrumented merchant ship tracks, as this is the only
practical way to obtain closely-spaced profiles along
nearly exactly repeated tracks; such information is
essential for monitoring transport changes given the
ocean’s mesoscale variability (order 10 to 100
kilometers), which is not resolved by the Argo profiling
floats.  Therefore it remains useful to incorporate
temperature profiles without salinity information in
mixed layer products and ventilation analysis.

3.1.c. Connections between the mixed layer and
interior

The simplest, older paradigms of connection between
the mixed layer and interior ocean presume a smooth
transition. This can be visualized as water sliding
sideways along isopycnals through the “throat” of the

mixed layer base, or through capping by restratification
above the mixed layer, thus leaving behind a remnant of
the surface layer that then becomes part of the interior
water column, free to move along isopycnals and further
into the interior (e.g. [78], [79], [80]). Such models can
rationalize gyre-scale distributions of properties
indicative of ventilation along isopycnals, such as
tritium, chlorofluorocarbons or oxygen. In addition,
tracer ages can be used to estimate time scales for
connection of the interior ocean back to the mixed layer
and subduction rates ([81,82]).

However, the base of the mixed layer is a highly
turbulent environment. High levels of near-inertial
energy are found within and at the base of the mixed
layer (Fig. 7), contributing to vertical shear and hence
diapycnal mixing. Turbulence measurements include
both property profiles (temperature and salinity) and
also velocity observations. Observing and quantifying
the connections between the mixed layer and interior
over global scales would be greatly facilitated by
introduction of electromagnetic (EM) profiling on the
Argo floats, as recommended in the ocean mixing CWP

[9].

Mixing is also horizontally heterogeneous, being more
vigorous at strong fronts and eddies that are usually
found in major ventilation regions, especially those with
active convection (see figures and discussion in the
CWP regarding ocean mixing [9]). Moreover, much
observed subduction and convection occurs in and near
fronts, which favor high turbulence.  Subduction
experiments in the 1990s and early 2000s and mode
water formation experiments of the mid-2000s show
actively subducting layers, marked with surface
properties such as high oxygen and fluorescence typical
of chlorophyll, moving downward along isopycnals
from the base of mixed layer fronts (e.g. in the Azores
Front [83]; at the subpolar front in the Japan/East Sea
[84]; in the Gulf Stream [85]).



Upwelling is an equally important connection between
the ocean interior and mixed layer. Upwelling often
results in the oceans being a source of CO, to the
atmosphere, and the increase in nutrients makes
upwelling regions highly productive. However, rates of
upwelling are highly variable on seasonal and longer
time scales, and quantifying these rates remains a
challenge due to the often small quantities and small
space scales involved. Progress has been made in the
equatorial Atlantic where upwelling velocities, volumes
and heat fluxes were calculated using the disequilibrium
of helium isotopes [86].

In the last few years of the 2000s, the potential
importance to ventilation of smaller spatial scale
variability, defined as the submesoscale (less than order
10 km), has emerged ([87], [88], [89]). Most of the
submesoscale features that have been described are in
the mixed layer, and arise as instabilities of fronts and
mesoscale features. Processes arising from these small
features are hypothesized to facilitate greater
communication with the interior below the mixed layer.
They have mostly been described from high-resolution
numerical models, but field observations are becoming
focused on this scale. A new satellite altimetric mission
that can resolve this spatial scale is in the planning stage
(SWOT) (see the SWOT CWP [5]), and it is expected
that the new global information about this scale will
result in a major advance in understanding and
quantifying the ventilation process.

3.1.d. Interior ocean beneath the mixed layer

Within the water column beneath the surface layer,
evidence of ventilation, calculation of ventilation rates
and of changes in those rates is based on in situ water
properties, including temperature/salinity/density and
tracers. High oxygen, high (or simply measurable)
chlorofluorocarbons, tritium, anthropogenic carbon
dioxide, etc., have been used with good results for
calculations of spreading rates and residence times[90].

The varying volumes of water masses can be calculated
given a definition of the water mass. Seasonal to
interannual variations in volume can be related to
changes in surface properties and forcing.  Such
calculations are only possible if there are enough in situ
data; with the advent of global Argo profiling in the
1990s, such an approach is being realized (e.g. for the
Subtropical Mode Water of the Gulf Stream system
[72]). Seasonal volume changes in mode waters, as
observed in the Gulf Stream region, for instance, reflect
late winter formation and injection of the water mass
into the upper thermocline, followed by restratification,
mixing and advective export of the water mass; these
processes are not yet understood.

Large, clearly measurable changes occur on interannual
to decadal time scales in temperature and salinity of
upper ocean waters. These often reflect changes in
surface properties at the location of ventilation of these
waters, although they also reflect changes in circulation
away from the ventilation sources, mostly associated
with changes in wind forcing. Warming of the upper
ocean, attributable to anthropogenic forcing of the
climate (climate change) has been observed ([91], [92]).
Large-scale upper ocean salinity changes have also been
observed, and likely reflect a global change in the
hydrological cycle [93]. Decadal changes in salinity in
the northern North Atlantic have been documented at
the sea surface and at numerous deep observation sites
(e.g. [94], [95]), and are continuously monitored by an
international consortium (e.g. [96]) because of the
potential for salinity changes to affect deep overturn.

Upper ocean declines in oxygen content have been
documented in all subpolar regions (Fig. 9) (for the
North Pacific [97]; for the northern North Atlantic [98];
for sectors of the Southern Ocean [99]). These
primarily reflect a reduction in ventilation on the
isopycnals, rather than a change in temperature (hence
oxygen solubility) or change in biological utilization.
The reduced ventilation is most likely associated with a
shift of the mixed layer properties to lower densities,
which reduces the amount of ventilation on the slightly
denser isopycnals that had been previously most
strongly ventilated.

Expansion of the very low oxygen zones in the tropics
has been observed in each ocean [100]. As above,
oxygen can change due to changes in solubility (ocean
temperature at the ventilation source), saturation at
ventilation, stratification and hence relative amount of
ventilation on a given isopycnal, and changes in
productivity and hence utilization rate [101,102]. The
relatively larger tropical Atlantic oxygen depletion is
apparently related to changes in circulation [103].

These observations of upper ocean oxygen changes
were mainly made possible from the quasi-decadal
research ship hydrographic surveys that routinely make
oxygen observations [6]. Upper ocean oxygen changes
could be monitored routinely with oxygen profilers on
an Argo-like network of profiling floats. Because the
changes are so widespread and apparently so coherent,
and because oxygen changes also have implications for
carbon in the ocean [104], a very strong
recommendation for the next decade of ocean observing
systems is to implement a global oxygen profiling
network [7].

Research ship surveys remain the only way to measure
changes in water properties below the 1800 m
maximum depth of the current Argo network.



Moreover, changes in these water properties are small
enough in most regions that the higher accuracy of
research ship observations is necessary for monitoring.
The quasi-decadal repeats are now revealing increases
in deep ocean temperature at almost all locations in the
global ocean ([105]; [106]). The changes are only
relatively large in the vicinity (hundreds to thousands of
kilometers) of the deep water sources, thus reflecting
changes in ventilation properties —volume, temperature
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and density. Deep water temperature changes much
farther from ventilation sources presumably reflect an
adjustment of the deep ocean circulation [105].
Continued monitoring of these changes requires
continued highly accurate research ship surveys (see the
CWP recommending hydrographic observations [6]).
Furthering the development of deeper reaching ARGO
floats with high precision for the deep oceans is also
recommended.

Oxygen (umol/kg) for A16 20W 2003 minus 1988
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Figure 9. Upper ocean oxygen changes over the past several decades. Differences were computed on isopycnals and
then projected back to physical space. (a) North Pacific: at 47°N (1999 minus 1985) and 152°W (1997 minus 1984)
([107] after [97]). (b) North Atlantic at 25°W: 1997 minus 1984 (after [98]).

Variations in volumes and transports of newly-formed
deep waters are especially interesting in the Nordic
Seas, North Atlantic and Southern Ocean, where
interannual to decadal variations in deep water
properties thousands of kilometers downstream of their
sources in these oceans are readily apparent (e.g. [107]
and [108]). Adjustment of the circulation and surface
properties to changes in deep water sources and
transports is part of the climate system, and is
considered important to observe and possibly predict.
Hence deep observation systems that can capture
changes in volume, transport and properties of deep
waters are necessary. Through the 1990s and 2000s, a
number of focused observation systems were put in
place in the northern North Atlantic, from the Florida
Current northward to the Nordic Seas. These include
intensive transport monitoring, temperature/salinity
monitoring, and regular observations of transient tracers
such chlorofluorocarbons (Fig. 10b,c). The boundary
current CWP [11] describes these North Atlantic arrays,
which include the Rapid/Mocha array at 24°N, intensive
observations in the Labrador Sea, in the North Atlantic
Current, at all straits along the Greenland-Iceland-Faroe
ridge, and in the Nordic Seas.

Ventilation fluxes and residence times of interior ocean
water masses can be computed from observations of
transient tracers such as chlorofluorocarbons (CFCs)
[109,110]. Even with a steady-state circulation and no

change in the seasonal cycle of forcing, the CFC
distribution would change because of their time-
dependent anthropogenic atmospheric source. Knowing
the source and measuring the CFC inventory, water
mass formation rates can be calculated [111-113]. The
global map of the water column inventory of CFCs (Fig.
10a) reflects the relative amount of ventilated water
found at each geographic location; the regions of
especially thick mixed layers (mode waters) in the
Antarctic Circumpolar Current region and in the North
Atlantic dominate the pattern. This pattern of the
passive CFC tracer is strongly related to patterns of
anthropogenic CO, content [115], which have major
implications for the ocean’s role in climate change.

Variations in CFC content in the repeatedly sampled
northern North Atlantic have been used to document
changes in the Labrador Sea Water properties (the
intermediate/deep water that is ventilated through deep
convection in the Labrador Sea) (e.g. Fig. 10b, c). A
formation rate for that water mass can be calculated
from changes in the water column inventory (like that of
Fig. 10a but for isopycnal layers) from one decade’s
hydrographic survey to the next. Such measurements
can only be made from research ships ([6] CWP) and
their continuation is recommended, as the CFC and also
SF¢ signals continue to invade further into the global
ocean, providing an indication of time since ventilation
and a means of quantifying formation rates.
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Figure 10. (a) Global chlorofluorocarbon-11 water column inventory [114]). (b,c) Chlorofluorocarbon-12 inventory
(moles/km’) in the “classic” Labrador Sea Water layer in the North Atlantic in 1997 and in 2003 [116].

3.1.e Process experiments

Process experiments are not part of the observing
system, but breakthroughs in understanding from these
regional experiments inform the needs for future
observations. It is difficult and probably inadvisable to
predict from this vantage point in 2009-2010 the types
of process experiments focused on ventilation that will
be proposed and implemented in the next decade. A
decade ago, with the end of the World Ocean
Circulation Experiment and the beginning of CLIVAR
and the global ocean observing system, it would have
been equally difficult to predict the directions taken
during the ensuing ten years.

However, it is fair to say that much still remains to be
learned about each of the ventilation processes
described above. At this time, particularly strong efforts
are being proposed for study of the details of connection

between the mixed layer and interior, relative to the
physics of the mixed layer at very small scales
(submesoscale). Ocean mixing/turbulence observations
have come to the fore, at all depths and locations in the
ocean; of particular usefulness for ventilation studies
will be those focused on the mixed layer and
pycnocline. Ongoing studies regarding mode water
formation and destruction promise to provide much
more information about these processes. Mid-latitude
feedbacks between high gradients in SST (hence surface
layer heat content and thickness, which are related to
ventilation) and the overlying atmosphere are now
understood to be important, and could lead to focused
process experiments. Eddy-resolving observations and
models in deep convection regions such as the Labrador
Sea promise to lead to continued progress in
understanding the preconditioning for deep convection.



3.2. Ventilation studies in the next decade

Major progress in understanding and quantifying
ventilation globally will be possible in the next decade,
building on the existing observing system. Key
elements of the existing observing system are listed in
Table 3 and are not re-enumerated here.

Three evolving or new areas of high priority that are
highly likely to be implemented based on ongoing
progress and international space agency planning are:

* Improved air-sea flux products

* Developing higher-resolution altimeter-based SSH
such as SWOT ([5] CWP)

* Satellite surface salinity observations and blended
products ([8] CWP)

* High-resolution state estimation

Global air-sea flux products are not yet accurate enough
for ventilation studies, although recent improvements
are encouraging, and therefore this is listed as a high
priority for the next decade. The salinity resolution of
the planned satellite observations will not be sufficient
to replace in situ surface salinity observations, including
those from the Argo array, but blending of the satellite
and in situ data sets will yield a product with more space
and time information than is available through the in
situ products ([8] CWP).

New global observations that could result in greatly
improved ventilation description include:

* Regular in situ profiling in ice-covered regions

* Regular global in situ profiling of oxygen

* Regular  global in  situ  profiling  of
velocity/turbulence

These are not yet planned, although there are
enthusiastic communities that are pursuing these
augmentations of the highly successful Argo network.
However, there is concern that changes to the present
Argo configuration might result in degradation of the
network, given that it has only recently been fully
implemented. Discussion of new profiling observations
could thus be framed in terms of a new network of
profiling floats, in an experimental mode, whose
temperature and salinity profiles would augment the
Argo data set, but whose implementation would not
endanger the existing network until it is clear that it will
be sustained for the foreseeable future.

Monitoring of localized water mass formation processes
is also important. The global networks just described
are appropriate for the broad-scale, open ocean
connections between the mixed layer and interior (mode
waters, subduction, obduction), and may also be mostly
adequate for deeper open ocean convection. However,
some localized ventilation processes, especially in
shallow water regions, cannot be observed with these
techniques. For instance, dense water formation through
brine rejection over continental shelves requires local
observations. Thus

* Monitoring of dense water formation sites with
dedicated arrays (moorings, AUVs)

is recommended.
4. SUMMARY OF RECOMMENDATIONS

Surface circulation analyses have already reached an
enviable level of success because of the observational
and computing resources, practical motivation, and
funding that have been available for the last decade.
Simply put, the surface can be observed with satellites,
and this has made accurate, relatively high-resolution
products possible. The proposed SWOT mission will
extend this resolution to even shorter spatial scales.
The surface drifter network is of equal importance for
surface circulation analyses because it provides in situ
calibration of the satellite observations and because its
temporal and spatial resolution differ from those of the
satellites, i.e. it provides information about much higher
frequency motions. The high frequency, high spatial
resolution of the surface drifter and SWOT data sets will
require general progress in understanding the
momentum balance of the mixed layer since both will
observe significant ageostrophic components.

The principal recommendations for surface circulation
are to maintain the existing observing systems, based
around satellites and surface drifters, to extend
observations to the submesoscale (SWOT), and to
continue to work to improve diagnostic models that
incorporate these data, and which have already proven
invaluable in extending the data sets to much higher
spatial and temporal resolution than is available in any
given part of the data set. For the subsurface circulation
in the upper ocean, new tools (such as velocity profilers)
and methods need to be implemented on a massive
scale.

Ventilation analyses cover a much broader range of
phenomena, and occupy much more of the water
column. It is unlikely that there will ever be interior
ocean observations that can reach the spatial resolution
of satellites, but the Argo profiling network, intensive



routine monitoring of dense water formation areas and
overflows, quasi-decadal research ship surveys that
include oxygen and tracers, and specialized process
experiments have led to numerous new insights about
ventilation in the last decade. These new
understandings should permit ongoing monitoring of
ventilation processes, with at least monthly resolution
based on the temporal resolution of the most accurate
air-sea flux products and Argo profiling.

The principal recommendations for improving
ventilation analyses include continued scientific
development through process experiments, continued
improvements in air-sea fluxes, implementation of two
planned satellite missions (SWOT and surface salinity),
active consideration of routine profiling of oxygen and
velocity, and extension of dense water formation
monitoring to all important sites.

Table 3. Present and recommended data products and observations for both surface circulation and ventilation studies

Data products

Measurements

Present (2009-2010),
of high priority for
continuation and
improvement in

Wind stress (high-resolution), air-sea fluxes of
heat and freshwater

QuikSCAT, satellite SST, water vapor,
other observations required for
atmospheric reanalyses

SST (high spatial resolution), SSH (mesoscale

Satellite observations

2010-2020 resolution)
Ocean color Satellite observations
Surface layer velocities, including inertial Satellite SSH, surface drifters, models
component (6-hourly) including state estimation that also
incorporate satellite winds
Mixed layer depth, temperature, salinity, Argo profiling floats (T, S), VOS (mostly
density (quasi-weekly) T)
Pycnocline velocities (quasi-weekly) Satellite SSH, Argo profiling floats (T,S),
state estimation
Pycnocline temperature, salinity, density Argo profiling floats (T,S), VOS (mostly
(quasi-weekly) T)
Deep temperature, salinity, density (weekly to | Moorings (T, S), research ship
decadal) hydrographic surveys
Oxygen, chlorofluorocarbon, carbon Research ship hydrographic surveys
parameters (full water column)
Monitoring of deep overflows and Deep Moorings, regular research ship surveys
Western Boundary Currents downstream of
water mass formation regions
Recommended Boundary current monitoring Moorings and ship observations
additional or Higher accuracy air-sea fluxes (daily or better) | Continued refinement of methods for
improved for 2010- combining satellite, in situ, and reanalysis
2020 information; implementation of global

array of in situ air-sea flux validation sites

Higher spatial resolution SSH (submesoscale
resolution)

SWOT

Sea surface salinity

Satellite SSS

Turbulent mixing estimates in and below
mixing layer (quasi-weekly)

Profiling float EM measurements

Mixed layer oxygen (quasi-weekly)

Profiling float oxygen measurements

Pycnocline oxygen (quasi-weekly)

Profiling float oxygen measurements

Monitoring of each of the important localized
deep water formation sites, including those in
ice-covered regions

Moorings, regular AUV surveys
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