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Abstract:

One long-standing difficulty in estimating the large-scale ocean circulation is the inability to observe
absolute current velocities. Both conventional hydrographic measurements and altimetric
measurements provide observations of currents relative to an unknown velocity at a reference depth in
the case of hydrographic data, and relative to mean currents calculated over some averaging period in
the case of altimetric data. Space gravity missions together with altimetric observations have the
potential to overcome this difficulty by providing absolute estimates of the velocity of surface oceanic
currents. The absolute surface velocity estimates will in turn provide the reference level velocities that
are necessary to compute absolute velocities at any depth level from hydrographic data.

Several studies have been carried out to quantify the improvements expected from ongoing and future
space gravity missions. The results of these studies in terms of volume flux estimates (transport of
water masses) and heat flux estimates (transport of heat by the ocean) are reviewed in this paper. The
studies are based on ocean inverse modeling techniques that derive impact estimates solely from the
geoid error budgets of forthcoming space gravity missions. Despite some differences in the
assumptions made, the inverse modeling calculations all point to significant improvements in
estimates of oceanic fluxes. These improvements, measured in terms of reductions of uncertainties,
are expected to be as large as a factor of 2.

New developments in autonomous ocean observing systems will complement the developments
expected from space gravity missions. The synergies of in situ and satellite observing systems are
considered in the conclusion of this paper.
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Abstract. One long-standing difficulty in estimating the large-scale ocean circulation is the inability
to observe absolute current velocities. Both conventional hydrographic measurements and altimetric
measurements provide observations of currents relative to an unknown velocity at a reference depth
in the case of hydrographic data, and relative to mean currents calculated over some averaging period
in the case of altimetric data. Space gravity missions together with altimetric observations have the
potential to overcome this difficulty by providing absolute estimates of the velocity of surface oceanic
currents. The absolute surface velocity estimates will in turn provide the reference level velocities
that are necessary to compute absolute velocities at any depth level from hydrographic data.

Several studies have been carried out to quantify the improvements expected from ongoing and
future space gravity missions. The results of these studies in terms of volume flux estimates (transport
of water masses) and heat flux estimates (transport of heat by the ocean) are reviewed in this paper.
The studies are based on ocean inverse modeling techniques that derive impact estimates solely
from the geoid error budgets of forthcoming space gravity missions. Despite some differences in
the assumptions made, the inverse modeling calculations all point to significant improvements in
estimates of oceanic fluxes. These improvements, measured in terms of reductions of uncertainties,
are expected to be as large as a factor of 2.

New developments in autonomous ocean observing systems will complement the developments
expected from space gravity missions. The synergies of in situ and satellite observing systems are
considered in the conclusion of this paper.

1. Introduction

As it is more and more evident that human activities have a significant impact
on the climate system (IPCC, 2001), it becomes highly desirable to improve our
capability to observe, quantify, and predict climate change. The ocean is an impor-
tant component of the climate system through its role in redistributing heat from
equatorial regions to polar regions (Ganachaud and Wunsch, 2000) and through
its role in regulating the carbon cycle (Sigman and Boyle, 2000). In turn, climate
change can potentially affect the ocean circulation and chemistry through various
feedback mechanisms (Sigman and Boyle, 2000). Observations of the ocean have
until recently been scarce, not the least because of the difficulty of collecting data in
this high-pressure, corrosive, opaque, and generally hostile environment. The past
decade, however, has seen the advent of precise satellite observing systems like
space-borne altimeters, which for the first time have allowed physical oceanogra-
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phers to observe the ocean circulation in a global and quasi-synoptic way. Two
major difficulties remain, however, in using altimetric data to quantify the ocean
circulation and the processes that are associated to it. The first difficulty is that
altimetric observations only sample the surface of the ocean. In situ measurements
are therefore required to constrain the interior, the circulation being highly variable
from the surface to the bottom of the ocean. In the oceanographic terminology, the
ocean circulation is said to contain a strong baroclinic, or non-barotropic, com-
ponent. The interpretation of hydrographic measurements in terms of baroclinic
circulation are developed in section 2 of this paper.

The second difficulty in using altimetric data to quantify the ocean circulation
is that these data do not constrain the ocean circulation directly. Instead, they con-
strain the sum of the geoid height and of the ocean dynamic topography, so it is
difficult to disentangle the two signals. This problem is reviewed in section 3.

In the near future, dedicated space gravity missions like GOCE and GRACE
will allow a precise determination of the geoid height and will thus allow the
separation of the ocean circulation signal from the geoid signal in altimetric obser-
vations. Resulting improvements in circulation estimates are reviewed in section 4
of this paper, with a particular attention on volume and heat transports that are two
quantities of great importance in the climate system. The last section of this paper
concludes by investigating the complementarities between observations provided
by the forthcoming space gravity missions and new automated in situ measurement
techniques that are now becoming available on the global scale. The complemen-
tarities of the GOCE and the GRACE gravity missions are also considered in this
section.

2. Hydrographic Measurements and Ocean Circulation

In situ measurements that constrain the baroclinic ocean circulation are available in
the form of hydrographic observations. These observations consist of temperature
and salinity measurements collected at a known pressure level using a Conductiv-
ity, Temperature, Depth (CTD) instrument lowered from an oceanographic vessel.
The data are thus collected as vertical profiles at a station above a more or less fixed
point. Using the equation of state of sea water (Fofonoff, 1985), temperature and
salinity are then converted into density. Density is in turn related to the baroclinic
ocean circulation through the thermal wind relations:

du +g ap ) Ov g dp
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where 1 and v are the horizontal components of the velocity field, f is the coriolis
parameter, p is the density, g is the gravitional acceleration, x and y the hori-
zontal coordinates, and z is the vertical coordinate. These equations are derived
(see Pond and Pickard, 1983) from 1) the geostrophic balance, which assumes
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that the dominant terms in the horizontal momentum equations are the Coriolis
force and the pressure force 2) the hydrostatic balance, which assumes that vertical
gradients of pressure are proportional to density. These approximations are very
good ones in the ocean, and deviations from them are in most areas unmeasurably
slight (Wunsch, 1996). The main exceptions, where the approximations completely
fail, occur at the equator where the Coriolis parameter vanishes and near the surface
of the ocean where a large fraction of the velocity field is directly caused by the
transfer of momentum from the atmosphere to the upper ocean. The terminology
“thermal wind” comes from meteorology because in the atmosphere density can
be replaced by temperature using the law of ideal gases. Note that, because of the
simplifications made, the thermal wind equations, as well as the geostrophic and
hydrostatic equations, are not self-contained. Indeed, unlike the full-blown Navier-
Stokes equations, which can in principle be solved if initial/boundary conditions
are known, the thermal wind relations require observational information in order
to determine the ocean circulation. For this reason, the thermal wind equations are
said to be diagnostic as opposed to the Navier-Stokes equations, which are said to
be prognostic. Integrating (1) with respect to z, one obtains:
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where u(h) and v(h) are the horizontal velocities at any depth level 4, and u,
and v, are the velocities at the arbitrarily chosen depth z.. One sees from (2)
that horizontal velocities at depth level / are determined from the density of sea
water, up to the arbitrary constants u, and v,. These constants are usually called
reference level velocities, and z, is called the reference level. In the early days
of oceanography, it was common to make the assumption that, provided that the
reference level was chosen deep enough or in between water masses that flow in
opposite directions, the reference level velocities could be neglected. In the 1970s,
this traditional assumption was shown to be far from valid, and more rigorous
approaches had to be designed. This led to the introduction of inverse methods
in oceanography (Wunsch, 1978) which use available information to estimate the
reference level velocities instead of neglecting them. This available information is
quite eclectic (Wunsch, 1984). It comes, for instance, from the constraint that mass
should be conserved within closed volumes in the ocean. If one considers a trans-
Atlantic hydrographic section at 24°N, for instance, the reference level velocities
must be consistent with the constraint that the net flux of mass across this section
is close to zero. Indeed, any large flux would have to be balanced by large sources
or sinks of water that are not observed north of the section (in this example, it is
assumed, for the sake of simplicity, that the net flux of water across the Bering
Strait and the net air-sea flux of water over the North Atlantic are negligible). If the
oceanic section is discretized onto a number of gridpoints, the constraint of zero
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net flux can be formalized as a set of linear equations that relates discrete reference
level velocities to the observations:

Ax=Dhb 3)

where A is a known matrix, X is a vector containing the unknown reference level
velocities at each gridpoint, and b is a known vector containing zeros or, more gen-
erally, quantities known from observations. Most often, the number of equations is
smaller than the number of unknowns in (3), so the problem is underdetermined.
Moreover, the equations contained in (3) are never fully exact because of discretiza-
tion errors and, more importantly, because of observational uncertainties. For the
mass conservation equation associated with the 24°N section, for instance, the net
flux of water across the Bering Strait is known to be small but not exactly zero
(Coachman and Aagaard, 1988), so one cannot strictly impose that the flux of water
across 24°N is zero. Formally, one should therefore replace (3) by the following
equation:

Ax=b+n 4)

where n is a vector containing the unknown errors in the constraints. Thus, (4)
is always underdetermined. It can still be solved, however, using some variant of
least-squares techniques that, for instance, minimizes the departure from a known
prior estimate. Obviously, the least-squares solution will be subject to uncertainties,
but these uncertainties can also be computed as part of the least-squares procedure
so that one can attribute a degree of confidence to the solution.

Once the reference level velocities have been estimated, the oceanic transports
of volume, or of any other property, can be computed using (2). The ocean in-
verse estimation procedure can also be implemented over a gridded model. In
this case, the mass conservation constraints, or any other type of constraints, are
written locally for each box defined by the grid of the model. The available con-
straints are numerous, ranging from dynamical constraints such as mass and heat
conservation, to observational constraints other than hydrographic observations
(current meter moorings that measure velocities at a fixed point in the ocean, for
instance). Satellite altimetry is one of the newest, and potentially one of the most
powerful, observational constraints. How these remote sensing observations can be
implemented in the eclectic inverse procedure described above is the focus of the
following section.

3. Altimetric Constraints and the Ocean Circulation Estimation Problem

Altimetric observations constrain the sea surface height, which is the sum of 1)
the ocean dynamic topography caused by surface oceanic currents and 2) the geoid
height that corresponds to the elevation the sea surface would have if the ocean
were at rest. Currently available estimates of the geoid height, which is by far



IMPACT OF GEOID IMPROVEMENT ON OCEAN MASS AND HEAT TRANSPORT ESTIMATES 229

the dominant signal, are not precise (errors of several 10’s of cm at the spatial
scales of 1 degree that characterize intense oceanic currents such as the Gulf Stream
(Lemoine et al., 1998)). It is thus difficult to remove the geoid signal from the sea
surface height observations in order to precisely estimate the residual dynamic to-
pography, which is the quantity of interest to physical oceanographers. Note, how-
ever, that the time-varying component of the ocean circulation can be determined
because temporal variations in the Earth gravity field are negligible compared to
temporal variations in the ocean dynamic topography. Altimetric observations are
easily implemented in the inverse estimation procedure. Indeed, these observations
provide constraints on velocities at the surface of the ocean through the geostrophic
relations:
. an . an
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where n is the ocean dynamic topography and u(0) and v(0) are the geostrophic
velocities at the surface of the ocean. Non-geostrophic Ekman velocities caused
by the direct effect of wind forcing are also present at the surface of the ocean
(Pond and Pickard, 1983). It is assumed in the following that the volume transport
associated with these velocities can be independantly estimated so that it does not
limit the precision of overall transport estimates. Although this assumption is not
valid at present, there is good hope that accurate ocean surface wind fields will
become available in the near future through the assimilation of satellite scatterom-
eter observations in atmospheric general circulation models (see the Question and
Answer section in Milliff et al. (2001) for a discussion of this point). Note that
the improvements in transport estimates presented below would largely remain
valid for the geostrophic component of the velocity field even in the absence of
improvements in the Ekman component.

A discretized version of equation (5) provides observational constraints on sur-
face velocities which can easily be added to the set of linear equations (4). Because
they are mostly due to errors in the geoid height model that are spatially correlated,
uncertainties in the altimetric constraint must be represented by a full covariance
matrix. At present, this constraint moderately improves the inverse solution, mostly
in the Southern Ocean (LeGrand et al., 2002). It has not yet, however, reached its
full potential. It will do so when precise geoid models provided by space gravity
missions like GOCE and GRACE, and to some extent CHAMP, become available.
The expected improvements are reviewed in the following section.

4. Impact of Geoid Improvement on Ocean Mass and Heat Transport
Estimates

With improved estimates of the geoid, the conversion of altimetric data into abso-
lute dynamic topography will become possible. Using this information, oceanog-
raphers will be able to precisely estimate the circulation at the surface of the ocean.
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These improved surface estimates, combined with in situ hydrographic measure-
ments, will in turn provide strong constraints on the ocean circulation at all depths.
The resulting improvements can be quantified in terms of reduction of the uncer-
tainties in the least-squares solution of (4) without knowing the actual geoid height
provided by the gravity missions.

Following this approach, improvements in oceanic transport estimates have
been quantified in three inverse modelling studies using the expected precision of
future gravity missions. Two of them (Ganachaud er al., 1997; Schréter et al., 2002)
use box inverse models in which oceanic transports are calculated across trans-
oceanic sections, whereas the third one (LeGrand, 2001) uses a finite difference
inverse model. Wunsch and Stammer (this volume) also show how improved geoid
measurements can be used in an ocean data assimilation framework to improve
both estimates of the ocean circulation and the geoid itself. Inverse modelling
and data assimilation techniques are conceptually very similar, although a stronger
emphasis is put on the dynamical constraints in the second approach. The most
notable advantage of considering a more complex dynamical framework is the
inclusion of time-dependent processes. For that reason, the data assimilation ap-
proach will allow the complete interpretation of the time-dependent observations
of the gravity field provided by the GRACE mission. (see the article by Nerem
in this volume for a discussion of the time-varying effects resolved by GRACE.)
The approach described here has the advantage of being easy to implement, and to
provide estimates of the uncertainty in the solution.

The Ganachaud et al. (1997) calculation studies the impact of three different
hypothetical low-low satellite-to-satellite tracking missions, the specifications of
the third mission including GPS tracking and resembling the specifications of the
GRACE mission. In Ganachaud et al.’s (1997) calculation, only the reference ve-
locities are treated as variables and therefore the velocity uncertainties due to the
terms of equations (2) proportional to the ocean density field are not explicitly
taken into account. In the calculation corresponding to a GRACE-like mission
(specifications provided for a spherical harmonic expansion up to degree 70), the
density uncertainties are set to zero in order to explore the best possible outcome.
For that reason, the results of Ganachaud et al. (1997) shown in Table I can be
considered as an optimistic estimate of the impact of GRACE based on the as-
sumption that all errors in the in situ density field could be rendered negligible
by the use of a network of simultaneous and precise in situ observations. These
optimistic assumptions are not justified if the objective is to estimate transport
uncertainties in layers of the ocean because transports calculated over a limited
depth range are often dominated by the density term of equation (2) and thus the
uncertainties in these transports are controlled by the uncertainties in the density
field. The assumptions can be partly justified, however, when the objective is to
estimate the uncertainties in transports integrated from the surface to the bottom
of the ocean. Indeed, reference level velocities often dominate vertically integrated
transports across trans-oceanic sections because, despite being small, they translate
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TABLE I
Results of various impact studies.

Study Ganachaud ef al. (1997) LeGrand (2001) (Vol-  Schriter et al. (2002)
(heat fluxes. Bettadpur ume fluxes in the upper (heat flux in section
70 case) km of the ocean) across the Gulf Stream
at 24°N)
Transport 1% to 60% 7% to 42% for GOCE  37% for GOCE and 29%
uncertainty and 2% to 20% for for GRACE
reduction GRACE

into large transports when integrated over the whole water column. Note that the
uncertainties in volume transports across trans-oceanic sections closing an ocean
basin are likely to be very small, even without the altimetric/geoid constraint on
dynamic topography. Indeed, volume transports across these sections cannot signif-
icantly deviate from zero, as in the example of the 24°N section, because there is no
large net flux of volume across the northern boundary of the basins closed by these
sections. It is therefore not surprising that Ganachaud et al. (1997) find that mass*
transport uncertainties are usually not reduced much for the sections that close
an ocean basin. Accordingly, they find that the largest impact occurs in the open
Southern Ocean basin. The same argument cannot be applied to the case of heat
transports because these transports are largely caused by the different heat contents
of surface waters flowing in one direction and deep waters flowing in the opposite
direction (Figure 1). Thus, heat transports can be large across a section, even if the
corresponding net volume transport is equal to zero. Ganachaud et al. (1997) find
areduction in heat flux uncertainties that range between negligible values in some
areas of the North Atlantic and values of 60% in the South Pacific/Indian Oceans
and in the Circumpolar Current (Table I).

A different impact calculation is presented in LeGrand (2001). In this study, the
uncertainties in the density field are explicitly taken into account so that the impact
of gravity missions on transport uncertainties can be estimated for various layers
of the ocean. The impact of the GOCE and GRACE missions is estimated across
various sections of the Atlantic Ocean, including sections across narrow oceanic
currents like the Gulf Stream, the Azores Current, and the Benguela Current. The
Atlantic Ocean contains most of the processes active in the ocean, including deep
water formation, boundary currents, and wind driven gyres so the results of the
study are fairly general despite the limited geographical extent of the model do-
main. Because temperature is not an explicit variable in the inverse model, only the

* Mass transports and volume transports describe the same processes. Mass transports are more
relevant because mass is strictly conserved in the ocean but not volume. However. replacing the
condition of non-divergence of mass fluxes by a condition of non-divergence of volume fluxes is a
good approximation almost everywhere.
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Figure 1. Schematic representation of the overturning cell in the Atlantic.

impact of gravity missions on volume fluxes is investigated. However, meridional
heat fluxes in the Atlantic are conditioned to a large extent by the overturning cell
(Hall and Bryden, 1982) by which the northward flow of warm waters in the upper
layers of the ocean is compensated by a return flow of cold waters in the deep
layers of the ocean (Figure 1). Thus, by looking at the impact of gravity missions
on volume fluxes in the upper kilometer or so, one gets a good idea of how heat
fluxes will be improved. The uncertainty reductions obtained by LeGrand (2001)
are shown in Figure 2 for the upper kilometer of the ocean, and summarized in
Table I. In the GOCE calculation, they range from small improvements across
trans-oceanic sections to improvements larger than 40% in the Brazil Current and
in the Circumpolar Current. In absolute terms, the uncertainty reductions reach
several Sverdrups (1 Sverdrup = 10° m?/s). In the GRACE calculation, the impact
is, on average, slightly less than half the impact of GOCE because GRACE will
not resolve the small spatial scales of the ocean circulation. Note that the inverse
calculation is a climatological one so the temporal variations that GRACE intends
to observe are not investigated. The main conclusion of the study is that, when
the uncertainties in the density field are taken into account, the impact of gravity
missions on oceanic transport estimates is smaller at depths. This result is not
surprising since the combination of altimetry and gravity observations will provide
information on the circulation at the surface of the ocean, and the transmission of
this information to the deep layers of the ocean will be hampered by the presence
of noise in the in situ observations of the density field. The main contribution of
gravity missions will thus be an improvement in transport estimates in the upper
branch of the meridional overturning cell shown schematically in Figure 1.

The box-inverse model impact study of Ganachaud et al. (1997) has been re-
visited by Schroter et al. (2002) in view of the characteristics recently specified
for GOCE and GRACE. Moreover, Schriter ef al. (2002) investigate the potential
impact of gravity missions across a trans-oceanic section, the 24°N one mentionned
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Figure 2. Impact of the GOCE and GRACE gravity missions on volume transports in the upper
kilometer of the ocean. (top) Percentage reduction of transport uncertainties relative to EGM96 ref-
erence uncertainties. (middle) Corresponding absolute reduction in Sverdrups. (bottom) Transports
and associated uncertainties found in the reference EGM96 calculation.
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in the example of section 2, using a fully non-linear inverse model constrained by
pseudo in situ observations generated by a general circulation model of the ocean
circulation. In this study, uncertainties in the temperature and in the salinity fields
are explicitly considered and all the contributions to the uncertainties in heat fluxes
are taken into account. The results obtained by Schriter et al. (2002) confirm the
results obtained in previous studies with a reduction of heat flux uncertainties of
37% for GOCE and 29% for GRACE in the Gulf Stream area (Table I). The pseudo
in situ observations used in this study introduce the idea of synoptic high quality
observations of the ocean. The following section will show that obtaining this kind
of observations in the real ocean will become possible in the near future.

5. Complementarities of Space Gravity Missions and Other Observing
Techniques

Ideally, space gravity observations and other observations should all be obtained
simultaneously for consistency. Because the marine geoid height evolves slowly, it
can be considered to be constant relative to the fast pace at which other quantities
evolve. Thus, once the geoid has been estimated, it can be used for many years
in order to derive the absolute dynamic topography of the ocean from altimetric
observations. However, the previous sections showed that altimetric observations
of the surface of the ocean must be combined with in situ observations in order to
estimate the ocean circulation at all depths. The problem is that in situ observations
have so far been difficult and expensive to obtain. Oceanographers have thus relied
on climatologies that average hydrographic observations over many years in order
to get a reasonably good spatial coverage. This averaging, unfortunately, prevents
the estimation of the instant ocean circulation. Until recently, all that could be
obtained at basin scale was an estimate of the “mean ocean circulation” over the
many years spanned by the climatology.

This situation is about to change with the advent of ocean in situ observing
networks. These networks, inspired by the network of sounding balloons used in
meteorology, consist in a large number of profiling floats that drift in the ocean
at a parking depth that can be as deep as 2000 m. At the end of pre-programmed
periods, which range from a few days to a few weeks, the floats go back up to the
surface of the ocean. While doing so, they sample vertical profiles of temperature
and salinity. Once surfaced, the floats transmit the data to a ground station through
a satellite connection. The float network can thus sample the interior of the ocean
at regular intervals, just like altimetric missions sample the surface of the ocean
every 10 to 30 days. When a complete network of floats is deployed (Figure 3),
oceanographers will be able to map the hydrographic properties of the ocean in
a quasi-synoptic way. Such a network is currently being deployed in the frame-
work of the international ARGO program (http://www-argo.ucsd.edu; Le Traon,
this volume) and should be available before the launch of the GOCE mission.
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The hydrographic fields, just like traditional shipborne data, will provide velocity
estimates relative to a reference level velocity.” Space gravity missions, by allowing
the interpretation of altimetric observations in terms of absolute surface velocities
will then provide the complementary information on reference level velocities. The
uncertainties in the density field will be reduced because the noise introduced
in the climatological estimates by the ocean natural variability will no longer be
present in the quasi-instantaneous float observations. One may thus hope that the
transmission of the very precise information provided by satellite observations to
the deep layers of the ocean will no longer be hampered by the uncertainties in
the density field. The challenge, however, will be to deploy an observing network
that has a resolution sufficient to resolve the spatial scales of the large-scale ocean
circulation. If the resolution of the network is not high enough, the data can still
be assimilated in general circulation models in order to provide analyzed density
fields, similar to meteorological re-analyses. The inverse approach will then serve
to estimate not only the velocity field, which can be done directly by the data
assimilation procedure, but also its uncertainty, which will remain out of reach of
the data assimilation approach in the near future.

One final point is that the various gravity missions already undergoing or
planned for the near future will also be complementary. GOCE, combined with
altimetry, will provide precise estimates of the absolute ocean circulation at the
surface. GRACE will provide estimates of temporal variations of bottom pressure
signals at the bottom of the ocean. The difference in bottom pressure sampled by
GRACE on both sides of any trans-oceanic section will provide a constraint on
the temporal variations of the integrated geostrophic transport across that section.
Indeed, the formulation of the geostrophic balance at depth is:

; 1 ap . 19
fuy=——2L""1  foy=+-L (6)
pay p dx
where p denotes the pressure at depth 4. Integrating the equation for the meridional
velocity for instance, one obtains:

X I
ff v(ih)dx = fT = B(pf — Puw) (7

where T is the zonally integrated transport per unit depth and p, and p,, are the
bottom pressures measured by GRACE at the extremities of the section (longitudes
x. and x,). By providing a series of bottom pressure measurements along the
bathymetric line, GRACE will constrain the deep oceanic transports that are the
least-constrained by GOCE.

* Float displacements during the drifting period can in principle be used to estimate absolute
current velocities but the interpretation of these displacements is difficult because the amount of drift
occurring while the float is at the surface of the ocean can be as large as the drift occurring while the
float is at its parking depth.
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Figure 3. Initial float distribution and float distribution after some time assumed during the ARGO
planning phase.

In summary, numerous issues such as the estimation of Ekman transports and
the reduction in observational errors in hydrographic data through the implemen-
tation of a synoptic observing network will need to be addressed, but if successful,
one may expect that space gravity observations will greatly improve our knowledge
of the ocean circulation.
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