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model to 10 10 4× − −m s2 1 as suggested by recent indirect
estimates given by Ferron et al. (1998) for the Guinea and
Sierra Leone basins.
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Remarks on meridional transports in ocean models

Jochem Marotzke, Massachusetts Institute of Technology, USA/Southampton Oceanography Centre, UK

Of the various transports of properties by the ocean
circulation, the focus has mostly been on the transport of
energy, because of its direct influence on sea surface
temperature (SST), ocean-atmosphere energy exchange, and
climate. However, the community should extend its focus
toward:
• Meridional freshwater transport, with its impact on

high-latitude salinity, convection, and the large-scale
circulation and energy transport. Although this has long
been recognised as important, observational estimates
of meridional freshwater transport are far less common
than those for energy.

• Meridional transport of carbon, with its impact on
ocean-atmosphere CO2  exchange and the radiative
forcing of climate.

• Meridional transports of nutrients, which influence the
carbon cycle through the biological pump where
nutrients are rate-limiting.
Notice that the ocean-atmosphere CO2  exchange

provides a climatically crucial ocean-atmosphere coupling
that is NOT exclusively mediated through SST. Hence, there
exists a parallel coupling strand, the dynamics of which have
remained largely unexplored (see, however, Joos et al., 1999).
In contrast to temperature, the maxima in carbon and nutrient
concentrations typically occur far away from the sea surface,
which immediately makes the deep circulation crucial for
climate change. The area of research thus defined should
lead to a convergence of interests that were previously either
in oceanography or in climate.

Time-mean energy transport

Recent high-resolution (eddy-permitting) Atlantic and global
model solutions (The DYNAMO Group, 1997; Parallel
Ocean Climate Model, POCM, of B. Semtner and R.
Tokmakian, see Jayne, 1999) show quite good agreement
with estimates based on observations (e.g., A. Ganachaud,

pers. comm., 1999). Major questions arise concerning the
models’ capability to simulate the mid-latitude convergence
of energy transport and resulting loss to the atmosphere, and
concerning the influence of the rest of the World Ocean on
Atlantic energy transport (incorporated in regional models
through southern boundary conditions).

Variability

Jayne (1999) has drawn on previous modelling work of Bryan
(1982), Böning and Herrmann (1994), and Lee and Marotzke
(1998); the theoretical work of Willebrand et al. (1980) on
the ocean’s response to wind fluctuations, Schopf’s (1980)
analogous analysis for low latitudes, Gill’s (1980) theoretical
model of (among others) equatorial wind fluctuations; and
the observational angular momentum analyses of Rosen et
al. (1990) and Ponte et al. (1998); to synthesise a reasonably
complete theory of seasonal wind-induced heat transport vari-
ability. On seasonal and shorter timescales, heat transport
variability is dominated by Ekman transport variability and
barotropic compensation, as formulated by Bryan (1982) and
confirmed in POCM.

Sensitivity and monitoring

In numerical modelling, very often the question arises how
a central element of the model solution, such as the strength of
the meridional overturning circulation (MOC) or maximum
meridional heat transport, depends on the various independent
parameters that enter the simulation, such as surface forcing,
initial conditions, or diffusion parameters. Typical sensitivity
calculations vary one parameter or one group of parameters at
a time, which is not very efficient as the number of input
parameters grows large. In contrast, the “adjoint” of a model
calculates the sensitivity of one output variable, simultaneously
to all input variables. Marotzke et al. (1999) have used R.
Giering’s “Tangent-Linear and Adjoint Model Compiler”
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Figure 1. (a) Sensitivity of mean 1993 Atlantic heat transport across 29°N (dotted line), to temperature at 1160 m, on 1
January 1993. Contour interval is 0 10 W / K,12.5 ×   and the zero contour is drawn in red. (b) Sensitivity of mean 1993 Atlantic
heat transport across 29°N (dotted line), to salinity at 1160 m, on 1 January 1993. Contour interval is 2 10 W / psu,12×   and
the zero contour is drawn in red (from Marotzke et al., 1999).

-6

-4

-2

0

2

4

6

280°E 300° 320° 340°

0°

10°

20°

30°

40°

50°

60°N

0°

10°

20°

30°

40°

50°

60°N

(a) Sensitivity to 
temperature 
(1160m)

-20

-10

0

10

20

(b) Sensitivity to 
salinity 
(1160m)

(T
W

/K
)

(T
W

/psu)



41 ABSTRACTS OF INVITED PRESENTATIONS

WOCE North Atlantic Workshop Report

Joos, F., G.-K. Plattner, T. F. Stocker, O. Marchal, and A. Schmittner,
1999: Global warming and marine carbon cycle feedbacks
on future atmospheric CO2. Science, 284, 464–467.

Lee, T., and J. Marotzke, 1998: Seasonal cycles of meridional
overturning and heat transport of the Indian Ocean. J. Phys.
Oceanogr., 28, 923–943.

Marotzke, J., R. Giering, K. Q. Zhang, D. Stammer, C. Hill, and T.
Lee, 1999: Construction of the adjoint MIT ocean general
circulation model and application to Atlantic heat transport
sensitivity. J. Geophys. Res., in press.

Marshall, J., A. Adcroft, C. Hill, L. Perelman, and C. Heisey, 1997a:
A finite volume, incompressible Navier Stokes model for
studies of the ocean on parallel computers. J. Geophys. Res.,
102, 5753–5766.

Marshall, J., C. Hill, L. Perelman, and A. Adcroft, 1997b:
Hydrostatic, quasi-hydrostatic and non-hydrostatic ocean
modeling. J. Geophys. Res., 102, 5733–5752.

Ponte, R. M., D. Stammer, and J. Marshall, 1998: Oceanic signals
in observed motions of the Earth’s pole of rotation. Nature,
391, 476–479.

Rosen, R. D., D. A. Salstein, and T. M. Wood, 1990: Discrepancies
in the Earth–atmosphere angular momentum budget.
J. Geophys. Res., 95, 265–279.

Schopf, P. S., 1980: The role of Ekman flow and planetary waves
in the oceanic cross-equatorial heat transport. J. Phys.
Oceanogr., 10, 330–341.

Stammer, D., C. Wunsch, R. Giering, Q. Zhang, J. Marotzke, J.
Marshall, and C. Hill, 1997: The global ocean circulation
estimated from TOPEX/POSEIDON altimetry and a general
circulation model. Center for Global Change Science Report
No. 49, 40 pp, MIT.

Willebrand, J., S. G. H. Philander, and R. C. Pacanowski, 1980:
The oceanic response to large-scale atmospheric disturbances.
J. Phys. Oceanogr., 10, 411–429.

(TAMC; Giering and Kaminski, 1998) to create the adjoint to
the ocean general circulation model (GCM) of Marshall et al.
(1997a,b). A particular application based on the global data
assimilation solution of Stammer et al. (1997) for year 1993 is
given in Fig. 1. It shows the sensitivity of mean 1993 Atlantic
heat transport across 29°N, to temperature and salinity at
1160 m, on 1 January 1993. Most notable is the influence of
density anomalies arising from as distant as the Labrador Sea,
and its concentration on the zonal boundaries. This latter
property is consistent with the concept that the MOC is in
thermal-wind balance with the zonal density drop, and suggests
that monitoring of the MOC by way of density observations
near the boundaries should be a feasible strategy.
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The export of Atlantic water to the Nordic Seas

Bogi Hansen, Faroe Islands, bogihan@frs.fo; Svein Østerhus, Norway; Bill Turrell, Scotland; Steingrímur
Jónsson, Iceland

Together with parts of the Nordic Seas, the north-eastern
part of the North Atlantic is much warmer in the surface
layers than waters elsewhere at similar latitudes. This is
mainly ascribed to the heat carried with the warm, saline
water from the Atlantic across the Greenland–Scotland Ridge
into the Nordic Seas. Detailed knowledge of the export is
therefore necessary to provide boundary conditions for
numerical models of the upper layer flows in the north
Atlantic. After crossing the ridge, a large part of the exported
Atlantic water is furthermore converted to intermediate and
deep water in the northern areas and returns to the Atlantic
in the form of overflow across the ridge. The characteristics
of the exported Atlantic water, especially its salinity, will
influence these processes considerably.

The northward export of Atlantic water occurs through
three separate branches (Fig. 1) which differ in their origin
and water mass characteristics and also deliver their heat

and salt content to different areas north of the Ridge where
different processes may dominate in the formation of the
overflow waters (Hansen and Østerhus, in press).

Of the three branches, the one west of Iceland has been
monitored by Icelandic oceanographers and its volume
transport of Atlantic water is estimated to be on the order
of 1 Sv (Kristmannsson, 1998). The Nordic WOCE
project had as one its main aims to determine the fluxes
of the other two branches. This effort involved
establishing 8 quasi-permanent ADCP mooring sites
along two standard sections that have been monitored
regularly with CTD observations for many years.

The observation system, established during Nordic
WOCE, has been continued within the VEINS programme,
and the acquired dataset allows calculation of the fluxes of
water, heat and salt carried by the Atlantic water in the two
main branches (Hansen et al., 1999). The preliminary results
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