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Chapter 1

Introduction

On the global scale, the ocean circulation is driven by wind forcing and by fluxes
of heat and fresh water through the surface. The circulation forced by the latter
is called the thermohaline circulation. The part of the thermohaline circulation
that is associated with the deep water formation in the North Atlantic Ocean
and it compensating return flow is known as the Conveyor Belt. We can describe
the Conveyor Belt by considering a water parcel flowing northward in the North
Atlantic Ocean, becoming heavy by cooling and ”sinking” into the deep ocean.
This water parcel flows southward in a western boundary current to the South
Atlantic Ocean where it reaches the Atlantic Circumpolar Current (ACC). From
there it flows into the Indian and Pacific Ocean where it locally upwells. The
particle finally flows back to the North Atlantic Ocean in the upper layers of the
ocean through the South Atlantic and the Indian Oceans.

This work takes place in the TRACMASS project, which main goals are to
establish the origin, the formation, the fate and the transformation for the North
Atlantic Deep Water (NADW), to provide theoretical studies of the trajectory
methods. To perform this, the TRACMASS team uses a new method that em-
ploys Lagrangian trajectories to investigate the North Atlantic water masses
circulation obtained from numerical simulations of the global ocean. Three dif-
ferent models are used : two depth coordinate models and one density coordinate
model.

In this context, the aim of our work, at KNMI, is to establish the transport
and the routes of both NADW and it return flow simulated by the high resolution
global ocean model ”OCCAM?”. Routes are calculated from the Atlantic Equator
to three sections : Drake Passage, Indonesian Throughflow, and South Australia,
(supposed to be the origin of three different pathways of the NADW return flow
to North Atlantic).

The results we obtained will be presented and discussed hereafter, but first
of all, I will give an overview of the global ocean thermohaline circulation and
a more detailed view of the Conveyor Belt. Thereafter I will explain the La-
grangian trajectory method, some details of the OCCAM model and of the



outputs we used.



Chapter 2

What is the Conveyor Belt?

The world ocean is an essential component of the physical climate system. This
is related to the physical properties of sea water :

low Albedo when unfrozen, high Albedo when frozen (large influence on
the atmospheric radiative balance);

large heat capacity (provide a long term memory for the climate system);
but also to the ocean dynamics :

the northward heat flux by the Conveyor Belt is comparable to the pole-
ward one provided by the atmosphere;

at the ocean surface, there is a continuous exchange of heat and freshwa-
ter between ocean and atmosphere. These fluxes cause temperature and
salinity gradients of sea water, which are responsible for density gradi-
ents which consequently drive a circulation commonly called thermohaline
circulation. '

So changing in the ocean thermohaline circulation can have some effects on the
climate variability. And it is a reason of the increasing interest on improving
our knowledge of the ocean thermohaline circulation.

The part of the thermohaline circulation that is associated with the south-
ward flow of the deep-water mass that is formed in the North Atlantic Ocean
(NAO) and it northward return flow is called the Conveyor Belt (Broecker,
1991). The Conveyor Belt scheme can be split in two compensating branches :
the deeper one is outflow of the North Atlantic Deep Water (NADW) in the
World Ocean, the shallow one consists of the return flow in the upper layers of
the ocean.

The North Atlantic Deep Water

First consider a warm salty water parcel flowing northward at the surface of the
NAO. As long as this parcel is in the surface mixed layer the atmospheric fluxes
of heat and freshwater continuously alter its properties.



In the northern part of the NAO, during winter, the water particule is cooled
by evaporation that is due to winter storms. This cooling and the stratification
of the water increase the density and the water column becomes unstable.

The water column converts, and mixes vertically : the water particle ”sinks”
to the deep ocean. The deep convection, occurs in the NAQO in the Greenland Sea
and in the Labrador Sea (Killworth 1983). The downward transport is estimated
to be inbetween 15 and 20 SV (1 Sv = 10m3/s) (Gordon, 1986).

The NADW flows southward in a western boundary current to the South
Antarctic Ocean (SAQ), where it joins either the Antarctic Circumpolar Current
(ACC) or the Indian Ocean south of Cape Agulhas. In the ACC NADW is
converted into Circumpolar Deep Water (CDW) and it flows either northward
into the Indian and Pacific Oceans or around the Antarctic.

Finally the water particle upwells, and it flows back into the NAO.

The NADW return flow

Historically, two routes are suggested for the NADW return flow : the ”cold
water route” and the ”"warm water route”. In the "cold water route”, the flow
through the Drake Passage passes eastward into the SAO (Georgi, 1979; Piola
and Georgi, 1982; McCartney, 1977). In the "warm water route”, the Indian
Ocean thermocline water flows westward into the SAO south of Africa and reach
the NAO in the Bengulas Current (Gordon 1985).

Gordon (1986) argues that the CB is closed primarily by the ”warm water”
path. He argues that the thermocline water is returned to the North Atlantic
by the following route:

1. The NADW ‘introduced into the Pacific Ocean is transferred as North
Pacific Central (thermocline) Water to the Indian Ocean through the In-
donesian seas.

2. The Pacific water crosses the Indian Ocean in the 10°-15°8 latitude belt,
incorporating the saltier Indian Ocean thermocline water.

3. The mix of the Pacific Ocean and the Indian Ocean water passes south-
ward within the Mozambique Channel, supplying a small component of
the Agulhas Current transport.

4. A branch of the Agulhas Current flows into the South Atlantic and does
not participate in the Agulhas retroflection, which returns most of the
Agulhas water to the Indian Ocean.

5. The warm water passes northward with the South Atlantic subtropical
gyre, crossing the equator to enter the upper layer of the North Atlantic.

The volume transport at the equator is inbetween 14 Sv and 17 Sv, estimated
by numerical studies and measurements.



On the other hand, Rintoul (1991), calculating the heat transport by an
inverse model suggested that the ”"cold water route” dominates completely the
"warm water route” (Gordon,1986).

More recent results from numerical simulations seems to confirm that this
route neither is insignificant nor dominant. These results also suggest that a
part of the ”cold water” route might be indirect : some of the water from Drake
Passage may recirculate in the Indian Ocean subtropical gyre before reaching
the NAO with the "warm water” route (Gordon et al., 1992, D66s, 1995).

Some of these studies seems to confirm a third route, that is a contribution
source for the NADW return flow. Intermediate water coming from the Pacific
Ocean, flowing south of Australia reaches the north of Madagascar in the sub-
tropical gyre current and flows in the Mozambique Channel (Speich et al. 2000).
Then it spreads to NAO in the "warm water” route. This westward flow has
been documented before that by Reid (1986), Fine (1993), D66s (1995). Results
from Rintoul and Bullister (1999) and Ganachaud’s (1999) inverse models con-
firmed the presence of such a flow of Intermediate Water between the sea surface
and the layer extending down to 1200m.

It is easy to understand that the South Atlantic Ocean, connected to both
the Indian and Pacific Oceans, is a crucial region for the Conveyor Belt. It
receives NADW from the NAQ, it distributes this among the Global Ocean and
it gives back to the NAO the similar volume of lighter water. The Conveyor Belt
scheme has been developed during the last fifteen years, and lots of questions
still remain, for instance, about the location of upwellings, the volume of water
masses transported, their origins and routes.

So, in the following study, we will try to figure out evidences of these routes in
the high resolution global ocean OCCAM model. We will also estimate values of
the water mass transport, by calculating the volume transport for the NADW :
from the Atlantic Equator to Drake Passage, Indonesia through flow, and South
Australia. But also it return flow : from the Drake Passage, Indonesia through
flow, and South Australia to the Atlantic Equator.



Chapter 3

Methodology

3.1 The OCCAM model

The OCCAM project has developed two high resolution (1/4 and 1/8 degree)
models of the World Ocean - including the Arctic Ocean and marginal seas such
as the Mediterranean. The project is being carried out by researchers at the
Southampton Oceanography Centre in collaboration with colleagues from the
Universities of East Anglia and Edinburgh.

The model is run on the UK Research Councils’ multi- processor Cray-T3D
operated by the University of Edinburgh. The initial model run for 12 model
years has been completed on September 1996. The results are used to understand
the heat flows and movements of different water types in the ocean. They are
also used to help analyse the data from WOCE, the World Ocean Circulation
Experiment. '

TRACMASS simulation

The TRACMASS simulation uses a 0.25 degree resolution both in latitude and
longitude. The model covers the full globe from 78.5°S to 90°N. The vertical
resolution varies, from 10m near surface, to 250m at 5500m with a total of 36
levels. It uses a 5’x5’ ETOPQO5 topography .

OCCAM is a primitive equation numerical model of the global ocean. It is
based on the GFDL MOM version of the Bryan- Cox- Semtner ocean model but
includes a free surface and improved advection schemes.

It uses a normal Laplacian diffusion and momentum terms to represent hori-
zontal mixing. For diffusion of tracers the value of the horizontal diffusion coeffi-
cient is 1¥108cm?/s. For the velocity field the horizontal viscosity is 2x108cm?/s.
After day 480 the model uses Pacanowski and Philander (1981) vertical mixing
for the tracer fields. The velocity fields use normal Laplacian mixing in the
vertical with a coefficient of 1cm?/s. A regular longitude-latitude grid is used
for the Pacific, Indian and South Atlantic Oceans. A rotated longitude-latitude
grid is used for the Arctic and North Atlantic Oceans, which has its poles on the



equator in the Indian and Pacific Oceans. This overcomes the singularity that
otherwise arises at the North Pole. A simple channel model is used to connect
the two grids through the Bering Strait. The model also uses a finite differences
discretisation based on a staggered B-grid [Arakawa, 1972]. The model depths
are based on the ETOPO5 data set, with sill depths checked against original
surveys.

The model was started from the Levitus annual mean temperature and salin-
ity fields. The surface forcing uses a set of mean monthly winds derived from
ECMWF wind stressed for 1986-88 and a surface relaxation to monthly Levitus
[1994] SST (30 days timescale). The fresh water is derived from the salinity dif-
ferences between the model and monthly Levitus [1994] surface salinities. The
difference is converted to a freshwater flux which drives a volume change via the
sea surface height field.

The first 12 model years run has been continued during 3 years using a high
frequency wind surface forcing : 6-hourly ECMWF wind-stresses (1993, 1994,
1995). The TRACMASS data set is based on the last three years and contains :
sea level, potential temperature, salinity and velocity with a 5-days resolution
in time (219 files).

3.2 The Lagrangian methodology

Ocean models have historically described the ocean circulation in terms of Eule-
rian quantities. They provided velocity, salinity fields and others characteristics
at discrete points in the ocean, as functions of time. That is what most ocean
instruments measure.

Nowadays new methods of instrumentation involve Lagrangian measure-
ments by instruments drifting with the flow. Also, a new technique to analyse
data and derive further information is to consider Lagrangian trajectories (D60s,
1995; Blanke and Raynaud, 1997).

Blanke and Raynaud (1997) showed that the trajectory inside one grid box
can be given analytically assuming a linear interpolation of the velocities. An en-
tire trajectory then consists of subsequent calculations of positions on the edges
of grid boxes. Forward and backward integrations are both possible. In this
way, very large quantities of trajectories can be generated accurately and effi-
ciently providing a powerful tool to carry out off-line investigations of large data
sets. In addition, by assigning certain mass transports to particular trajectories
(D66s, 1995; Blanke and Raynaud, 1997), quantitative measurements of water
mass exchanges between different ocean basins or sections can be obtained. For
a proper analysis one generally needs tens of thousands trajectories. Within this
approach a specific water mass is represented by a large ensemble of smaller wa-
ter parcels, each representing in a averaged sense a collection of water molecules.
Temperature and salinity budgets along trajectories can be computed in order
to assess water mass transformations (Drijfhout et al., 1996). Convection can



be taken into account by assigning a water parcel a random depth whenever it
enters a convectively unstable water column (D66s, 1995; Drijfthout et al., 1996).
Like the velocities used to calculate the trajectories, these convection events also
follow from the ocean model.

In our study, we will use Lagrangian trajectories calculated using the three
dimensional stationary velocity fields from the OCCAM data sets. We will trace
forward the NADW masses and backward it return flow masses from the Atlantic
Equator to three different sections : Drake Passage, Indonesian Throughflow,
South Australia. And we will represent then the Lagrangian streamfunctions :
the zonal integration, at each time-step, of the volume transports that is associ-
ated to each trajectory. The transport associated to a water mass at a section
is the integration of the streamfunctions associated to trajectories ended at the
considered section for the considered water mass.

From velocities considered to be known on the corners of the ”B” grid boxes
of OCCAM, volume transport is derived. The volume transport through the
eastern wall of the ijk grid box is given by

Uijk = %(Ui,j,k + g 5-1,k) AyAzg, (3.1)
in which 1, j, k denote the discretised longitude, latitude and depth, respectively,
u are zonal velocities and AyAz defines the meridional-vertical area. Meridional
transports are defined analogously, while vertical transports simply follow from
the non divergency of the velocities.

Inside a grid box, Figure (3.1), volume transports are obtained by interpo-
lating linearly between the values of the opposite walls. For the zonal direction,
using F; = U; j; and r = £ /Az; one obtains

F(’I‘) =F,_1+(r— "'i~—1)(Fi — Fi—l)- (3.2)

Local transport and position are related by F' = dr/ds, where the scaled time
variable s = t/(Az;AyAzg) [the dominator being the volume of the particular
grid box|. Equation (3.2) can now be written in terms of the following differential
equation

dr
£+ﬂr+5—0, (3.3)
with 8 = F;_1—F; and § = —F;_1 — fr;_;. Using the initial condition r(sg) = 7o,

the zonal displacement of the trajectory inside the considered grid box can be
solved analytically and is given by

)
r(s) = (ro + E) €XP_p(5—50)—4 - (3.4)
The time s; when the trajectory reaches a zonal wall can be determined explicitly
1 [rl + 5/ﬂ]
s1 =80 — < log | ———|, 3.5
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where r1 = r(s;) is given by either r;_1 or r;. With the use of (3.2), the loga-
rithmic factor can be expressed as log[F(r1)/F(ro)]. For a trajectory reaching
the wall r = r;, for instance, the transport F(r;) must necessarily be positive,
so in order for Equation (3.2) to have a solution, the transport F(rg) must then
be positive also. If this is not the case, then the trajectory either reaches the
other wall at r;,_y or the sign of the transports are such that there is a zero zonal
transport somewhere inside the grid box that is reached exponentially slow.

For the meridional and vertical directions a similar calculation of s; is per-
formed determining, respectively, the meridional and vertical displacements of
the trajectory inside the considered grid box. The smallest transit time s; — sg
and the corresponding r; denote at which wall of the grid box the trajectory will
exit and move into the adjacent one. The exact displacements in the other two
directions are the computed using the smallest s; in the corresponding expres-
sions (3.4). the entire procedure is then repeated for as long is desired.

Pa(zmya)

Py(xp, yp)

—

i—1 i T

Figure 3.1: Illustration of the trajectory path through one grid box, where the
model velocities are at the four corners of the box

3.3 Investigation parameters

3.3.1 Data files

We used three different data sets, so three different stationary (annual averaged)
velocity fields : one original and two ”reanalysed”, to calculate the trajectories
and plot the corresponding streamfunctions. That will allow us to compare the
occuracy of original data set from the OCCAM model, and the "reanalysed”
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velocity fields in resolving the Conveyor Belt routes associated to different water
masses. The water masses are defined by their potential density ¢. For the upper
branch of the Conveyor Belt or the NADW return flow we used o defined as
oo = (p(s,t,0) — 1000)kgm_3 and for the deeper branch : NADW, we used o2
that is defined at 2000m depth.

ann.meanl : time averaging at fixed depth z

This is the ”original” data set from OCCAM. It contains 5 day-runnings averaged
outputs, averaged then overtime to annual mean velocity, salinity temperature
and density fields.

bolusl.dat : time averaging at constant potential density o

Mass transport of a certain water mass, defined to lie within a certain density
range is most easily calculated at density surfaces, that is, with density as a ver-
tical coordinate instead of depth. Mass transport is gouverned by the following
equation :

Oh

ot
where h is the density-layer thickness, 4 = (u,v) is the horizontal velocity and
AW 4, is the net diapycnic velocity across the density layer. The 3 year-averaged
fields give:

+ V.Gh = AWgq,

= L o
z—t + V.ih + V.d'h = AW

The overline denotes the time average, @ = @ + @', h = h + h' and @'}/ is called

bolus transport.

In steady state : Gy = 0 and the layer integrated average of W is [AW] =0.

In an eddy—permlttmg model, @k’ can be nonzero. This term is therefore
important to onclide when describing the transport of water masses. The impor-
tance of bolus velocity in advecting water mass has been demonstrated in ocean
global circulation models (Danabasoglu et al., 1994; Gent et al., 1995) where the
bolus velocity is parametrised and in idealised eddy resolving model (Lee et al.,
1997) where the bolus velocity is diagnosed.

The importance of bolus velocity in eddy-permitting model such OCCAM
model has not been explicitely calculated. So, in order to estimate the eddy-
induced mass transport, we are using a velocity field that is the exact bolus
velocity. We now have an expression of volume transport V =V 4+ U* where V
is the averaged volume transport and U* is the bolus transport contribution.

btrennew.dat : correction for the model drift

When the model drifts, a correction is necessary. We remove the drift by writing:

V (@h +TH) + VU, = AW,,

12



where AW, = 0 and the ”flux” (76 is calculated using the equation

So we now have the transport : Vj,e = 17+Uc where U, is the drift transport
contribution.

springl.dat, summerl.dat, autumnl.dat, winterl.dat : time averaging
at constant potential density o for each season

The seasonal datafiles have been produced using the exact bolus velocity calcu-
lation. Instead of using all data, we used seasonal data.

3.3.2 Density classes

Some previous Lagrangian trajectories computations from OCCAM velocity
fields fixed the turning point between NADW and it compensating flow in the
upper branch of the Conveyor Belt at the critical density pcrir = 1027.625kg /ms3.
We will trace water masses, from the equator forward in time for NADW and
backward in time for the surface water, to Drake Passage (70°W), Indonesian
Throughflow (120°W) and South Austrlia (147°E). But we first have to define
the density classes.

Deep layer waters

At the Atlantic Eqﬁator the water masses with a o2 potential density above 36,8
and flowing southward are considered to be NADW. These total water mass is
divided in three classes as follow : ’

Upper North Atlantic Deep Water (UNADW) (36.6 < o2 < 37.0)
Middle NADW (MNADW) (37.0 < o5 < 37.1)
Low NADW (LNADW) (02 > 37.1)

Upper layer waters

At the Atlantic Equator, o¢ potential density smaller than 27.6 and northward
flow, is used to defined the NADW return flow, which is composed of SACW,
SAMW, AAIW, UCPW as defined hereafter :

the South Atlantic Central Water (SACW) (o¢ < 26.5);
the South Atlantic Mode Water (SAMW) (26.5 < o¢ < 27.0);
the AntArctic Intermedate Water (AAIW) (27.,0 < 0g < 27.4);

13



the Upper CircumPolar Water (UCPW) (27.4 < 0 < 27.6);

the rest is the water particules which doesn’t belong to the three density
classes at the end of the trajectory.

14



Chapter 4

Results and Discussion

Water particle trajectories and associated transports have been calculated for
both the upper and lower branch of the Conveyor Belt from OCCAM model
annual mean data sets. That has. been done between the Atlantic Equator
and three sections as already mentioned, Drake Passage (70°W), Indonesian
Throughflow (120°E), South Australia (147°E). And for different water masses
defined at the Equator : UNADW, MNADW, LNADW for the NADW route
and SACW, SAMW, AAIW, UCPW for it return flow. As mentioned earlier,
for a proper analysis, one generally needs tens of thousands trajectories. So,
to be consistent with that but also to manage an acceptable computing time,
we decided to use a volume transport of 0.001 Sv per trajectory at the equator
(which represents about 61000 trajectories calculated for annual data sets and
about 75000 trajectories when using seasonal data sets). So that all the results
below have been computed with that volume transport. The differences between
results obtained calculations using trajectories representing 0.01 Sv and those
representing 0.001Sv was about £:0.15Sv while they was only +0.055v between
initial elementary volume transports of 0.001 Sv and 0.0001 Sv.

In the following table and plot captions, the correspondence with the data
files are :

annual mean : run with ann.meanl;

annual mean + contribution from exact bolus calculation : run with bo-
lusl.dat;

annual mean + contribution from exact bolus calculation + contribution
from detrending : run with btrennew.dat.

15



4.1 The upper branch of the Conveyor Belt : the
NADW return flow

The results for the upper branch of the Conveyor Belt have been calculated with
an initial volume transport of 0,001 Sv, for water masses that belong to SACW,
SAMW, AAIW, UCPW at the Atlantic Equator and back-tracking them to
Drake Passage (DRAKE), South of Australia (SAUS) and Indonesian Through-
flow (ITFL) sections. The recirculation is the part of the water that flows back
to the equator and enter the NAO (Recirc).

Quantitative results using annual data sets are presented in Tables (4.2, 4.3,
4.4). They emphasize some important differences, both for total transport values
and partition in density classes of this total transport through the sections. For
instance, even if the total volume transport through DRAKE is for the three data
files, weaker than the sum of this total transport through ITFL and SAUS, it is
relatively more important when we used the contribution from drift correction
(at least +1.5 Sv). On the other hand, the flow from SAUS, which also appears
in OCCAM model when using detrending calculation, is at least 1 Sv weaker. It
represents only 3.1 Sv (compare to 4.2 or 4.6 Sv). But this number is comparable
to the results suggested by the OPA model (Speich et al., 2000).

Moreover, our results are fully comparable to results from other calculations
from both numerical studies and observations. We calculated a water mass trans-
port of about 15 Sv at the equator (table 4.1 : D+I+S) which is a commonly
accepted number for volume transport in the upper branch of the Conveyor Belt.
This table, we can also say that most of the water at the Atlantic Equator is a
upper thermocline water. The volume transport of SACW represents the same
amount as transport of the three other water classes together. In this way, the
circulation of SACW in the upper branch can be influenced by a modification
of the atmospheric wind circulation. The vertical partition in density classes
is different for the SAUS route. The water coming from DRAKE and ITFL is
mainly SACW and SAMW, but the water from SAUS is figured out in all the
density classes with more or less the same amount (about 1 Sv).

These general quantitative results are well represented when ploting the as-
sociated streamfunctions. We can denote on Figures (4.1, 4.2, 4.3) that are
plotted from the detrended data set, for water masses defined at the equator
and respectively backward traced to Drake Passage, Indonesian Throughflow
and South Australia that both paths and strength of flows are really different
from a section to an other. Water coming through Drake Passage into SAO,
flows northward east of Falkland Island. At 45°S the flow turns right and joins
the South Atlantic subtropical gyre. A part of the water mass recirculates in
this gyre. It crosses the SAO by the Bengulas Current (BC) and it reaches
the northward west boundary current between 30°S and 20°S. The water mass

16



Table 4.1: The volume transport has been calculated from btrennewl.dat at

equator for water masses from each section. Results are in Sverdrups (1 Sv =
108 m3s71).

Total | DRAKE ITFL SAUS |D+1+S
SACW | 285 341 131 7.57
SAMW || 123 188 0.74 3.84
AAIW 151 082  1.00 3.32
UCPW | 019  0.06 0.09 0.35
Total | 578 617 314 | 1508 |

spreads into the NAQO by this current. Another of this water mass enters the
Indian Ocean and recirculates into the Indian Ocean subtropical gyre. Some of
the water flows north of Madagascar and enters the Agulhas Current (AC) by
Mozambique Channel (MC). A part of this water flows in the BC by the branch
of the AC that does not participates in the Agulhas retroflection and reaches
the equator by the same route as the direct ”cold water” route. Water coming
from ITFL flows directly through the Indian Ocean. Some of this water par-
ticipates in the strong recirculation but most of it flows southward in the MC,
then some reaches the BC and flows through the SAO to the boundary current.
The water from ITFL reaches this boundary current between 28°S and 12°S.
The other part of the water mass participates in the Agulhas retroflection. It
could be interesting to note that the subtropical recirculation is weaker than the
recirculation of water from DRAKE. Water from SAUS flows on a direct way
through the Indian Ocean, enters the MC north of Madagascar and reaches the
AC. This water does not participate in the retroflection but flows in the BC and
reaches the boundary current between 28°S and 10°S.

These results are slightly different from a data file to an other. At DRAKE,
for instance, the differences between the plot from ann.meanl (fig 4.4) on one
side and the plots from bolusl.dat and btrennew.dat (fig 4.5, 4.1) on the other
side are important, while the difference between the latter are mainly on the
strength. That denotes the importance of the bolus transport to modify both
pathways and strength of water mass by advection. In Tables 4.3 and 4.4 the
flow through DRAKE is stronger when we applied the detrending than using
only the bolus calculation. But the pattern, that means the path of the water,
is almost the same. Strength differences appear in the subtropical gyres in both
the South Atlantic and the Indian Oceans, but not in the cross Atlantic BC.
However, the flow in BC from detrended data set reach the boundary current
more north. The Agulhas retroflection is also stronger when using the detrend-
ing, that could be explained by the fact that the detrending only occurs on the

17



The volume transports below have been calculated at each section for Tables
(4.2, 4.3, 4.4) for water going to equator. For Table (4.1) at equator for water
masses from each section. Results are in Sverdrups (1 Sv = 10% m3s!).

Table 4.2: Transport calculated from annual mean.

Total DRAKE ITFL SAUS | D+ 1+ S || Recirc
SACW 0.03 4.69  0.02 4.74 20.59
SAMW 0.22 0.61  0.52 1.36 3.32
AATW 0.74 0.62 1.79 3.15 1.54
UCPW 1.34 0.28 1.06 2.68 0.82
REST 1.43 0.07  0.78 2.28 22.02
Total | 3.76  6.27 417 | 14.21 | 48.29
Table 4.3: Transport calculated from annual mean + contribution from exact
bolus.
Total DRAKE ITFL SAUS | D+ 1+ S | Recirc
SACW 0.25 548  0.10 5.83 19.72
SAMW 1.95 0.66  2.46 5.07 3.44
AATW 2.01 0.58  1.52 4.12 1.50
UCPW .| 0.01 034 041 0.77 0.76
REST 0.14 0.05  0.10 0.30 16.36
Total | 436 712 460 | 16.09 | 41.79

Table 4.4: Transport calculated from annual mean + contribution from exact
bolus calculation + contribution from detrending.

Total || DRAKE ITFL SAUS | D+1+S | Recirc
SACW || 036 502 0.02 5.40 20.00
SAMW | 199 055 203 4.57 3.86
AATW 275 036  0.84 3.95 1.49
UCPW | 014 021 0.15 0.51 0.74
REST 054 003 0.0 0.66 18.88
Total | 578 617 314 | 15.09 | 44.97
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divergence. On the other hand, the structure of the circulation when using the
annual mean data file is really different and sometimes more complicated. The
extension of the circulation is comparable (the water flows in the same regions)
but the circulation cells are more diffused. The water mass volume transport is
also weaker in these gyres. The structure of the flow, in the Agulhas retroflection
area, where lots of eddies occur, is slightly more complicated. We also have a
strong recirculation south of the circumpolar current that does not appear when
using bolus calculation.

The water mass transport partition on the vertical scale through SAUS is
interesting. Compare to the water mass partition through DRAKE and ITFL,
the water masses are almost equally distributed in the first three layers of the
flow. Moreover the route from SAUS is recently drawn to attention and not so
much documented. The SAUS route (fig 4.3) is more or less direct from Tas-
mania to the Atlantic Equator. The water masses flow south of Australia, and
reach the Indian Ocean subtropical gyre. There most of the water flow north of
Madagascar in the MC, before entering the Agulhas current and the Bengulas
current to the Atlantic Ocean. As mentioned, water masses flowing through
SAUS are homogeneously shared in three water classes : SACW, SAMW and
AAIW, the volume transport in fourth one : UCPW is negligible. But their
pathways, near Madagascar are different. The upper layer waters : SACW and
SAMW (fig 4.7 4.8), flow to north of Madagascar and enter in the MC while
AAIW takes a south of Madagascar route.

Uptillnow, we only used, annually averaged data. We will now investigate
the seasonal sensitivity of the water masses in the OCCAM model Conveyor
Belt. In that aim, we analysed streamfunctions calculated from a unique season
data set, that means only one season of the seasonally averaged data sets was
used instead of an annually averaged data set. The results for waters flowing
through ITFL, performed with perpetual winter (fig 4.10) and perpetual summer
(fig 4.11 are the most different, but differences also occur for both other origins
(DARKE and SAUS) and seasons. The vertical structure of the mass transports
is also really different through the Indian Ocean, but it is not so much for the
Atlantic Ocean route. With the perpetual winter data set, we observed a direct
pathway from ITFL to Madagascar with two eastward extended recirculation,
but a weaker Somalian Current. We also observed a strong Agulhas retrofiec-
tion, whereas, with the summer data file, this retroflection is weakened, but the
part of the water flowing through the SAO is increased. But there is much more
activity at the Indian Equator with this last data set. The ITFL to Madagascar
flow is also stronger for perpetual summer, but that difference is not evident in
the MC, so maybe a large part of this westward flow recirculates in the North
Indian Ocean.

The vertical structure of the transport for both perpetual winter and summer
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are different. Using summer data set, the deeper water mass transport around
the Indian Equator is really small compare to winter, whereas in the three other
classes the transport is really stronger in that area. Around Cape Agulhas, the
circulation seems to be mainly driven by the surface water when using summer
data set whereas the deeper transport remain not negligible for AAIW and
UCPW.
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Passage (data at equator : all density classes)

Indonesian Throughf
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- -5 -4 -3 -2 -1 ° 1 2 3 4 [] [}

C.I(in Sv)= 1. voltr= 1000. datae origin: btrennew.dat

Figure 4.1: Drake section btrend data file

low (data at equator : all density classes)

~7
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C.(in Sv)= 1.

- -5 -4 -3 -2 -1 L] 1 2 3 4 L] [}

voltr= 1000. dato origin: btrennew.dat

Figure 4.2: ITFL btrend data file

South Australia (data at

equator :

N

all density classes)

=7

0E

- -0 -4 -2 -1 -4 -8

- 3 -2 - ° 1 2 3 4 5 .

C.(in Sv)= 1. voltr= 1000. data origin: btrennew.dat

Figure 4.3: SAUS btrend data file
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Drake

Passage (data at equator : all density classes)
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5 45 —4 -35 -3 -25 -2 —13 =1 05 0 05 1 15 2 28 3 15 4 A5 5 85 6 &5 7 75 & A48

C.(in Sv)= 1. voltr= 1000. data origin: ann.meant

Figure 4.4: Drake section annual mean data file

Drake Passage (data at equator : all density classes)
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C.d(in Sv)= 1. voltr= 1000. data origin: bolusi.dat

Figure 4.5: Drake section bolus data file
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data origin: btrennew.dat
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Figure 4.6: Drake section btrend data file
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South Australia (data at equator : SACW)
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Figure 4.7: South Australia section btrend data file
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South Australia (data at equator : SAMW)
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Figure 4.8: South Australia section btrend data file

South Australia (data at equator : AAIW)
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C.(In Sv)= 1. voltr= 1000. data origin: btrennew.dat

Figure 4.9: South Australia section btrend data file
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Indonesian Throughflow (data at equator : all density classes)
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A€ oE

T3 20 2 -2 om 18 -1 - -2 10 & -4 -4 -2 0 2 4 & @ 10 1
C.(ln Sv)= 1. wvoltr= 1000. data origin: winteri.dat

Figure 4.10: Indonesian Throughflow

Indonesian Throughflow
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(data at equator : all density classes)

-8 -2 -4 -7 -2 ~10 -1 -W -12 -0 -8 -4 ~4 -2 8 2 4 & 8 10 1

C.{in Sv)= 1. voltr= 1000. data origin: summeri.dat

Figure 4.11: Indonesian Throughflow
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4.2 The North Atlantic Deep Water

The North Atlantic Deep Water route has been calculated for water particles
with both density above o9 = 36.8 and a southward flow, from the Atlantic
Equator, tracing them forward to DRAKE, ITFL and SAUS. The recirculation
is still the part of the water that reaches back the Atlantic Equator. A trajectory
also represents 0,001 Sv (for same reasons]. We also added three ”virtual”
sections at 60°S to check where the trajectories cross this latitude for the first
time. These additional sections are :

1. Atlantic : from Drake to Africa ;

2. Indian West : from Africa to the middle of the Indian Ocean (IW), typically
80°E;

3. Indian East : from the middle of the Indian Ocean to south Australia (IE).

First of all, we noted that NADW mainly follows one route. The water
particles reaching DRAKE or ITFL are insignificant (Tables 4.5, 4.6, 4.7), only
0,03 Sv (that means about 30 trajectories) when using the contribution of the
exact bolus calculation + the contribution of the detrending. So we will only
focus on the NADW route to the SAUS section that it represents 14,79 Sv on a
total of 14,82 Sv when using the detrended data set.

The trajectories along this route cross the 60°S section between 20°E and
80°E (5,09 Sv) or flow directly to SAUS north to this latitude. Actually only
0,19 Sv cross this section between 80°FE and SAUS, about 7,64 Sv reach SAUS
north to 60°S. The transport through 60°S is nul between DRAKE and South
of Africa (20°E).

The data sets used still have an importance when investigating NADW
routes, both in term of transport and pathways of waters. Differences between
the streamfunctions calculated from the annual mean velocity field or from the
bolus velocity field are important for the vertical repartition of the water masses
but less for the volume transport itself. With the annual data, most of the wa-
ter (10,3 Sv) is LNADW (37,0 < o9 < 37,1), each of the other density class
represents 1 v. With bolus data, 3,15 Sv are UNADW, 2,09 Sv are MNADW
and only 7,99 Sv are LNADW compare to 10,3 Sv with the annual mean data
set (Tables 4.5, 4.6).

On the other hand, differences between the results from the bolus data set
and the detrended one are mainly related to the transport. The vertical structure
of the streamfunctions is mostly the same. As long as the global structure of the
streamfunctions is the same, the water mass volume transports through IW and
SAUS are slightly different. Through IW, the transport is located in LNADW
class. that is not the case through SAUS. It seems that the NADW upwells
slowly flowing from 80°E to SAUS.

25



On global scale the NADW route has mostly the same structure when calcu-
lated from the three data sets : a strong southward boundary current along the
South America until the flow reaches 45°S. There it turns eastward, trapped
by the Antarctic Circumpolar Current (ACC). On this way, some of the water
recirculates around Cape Agulhas. The recirculation is more complicated when
using both bolus and btrend velocity field than the annual mean data set. With
the last one the recirculation is broader in the Indian Ocean. We also have a
strong recirculation between 60° and 70° south and between 50°W and 40°E,
then the water flows more or less straight to SAUS, there is only a southward
deviation between 60°E and 80°S.

As we did for the upper branch of the Conveyor Belt, we calculated the
streamfunctions from a seasonal data set. We also showed some big differences
between seasons. Between summer and winter for instance, both the strength
of water mass transport and the structure of this transport are different. Even
if the boundary current seems to have the same structure, a lot of recirculations
appear in the Atlantic Ocean with summer data. Using a summer data set, the
strength of the boundary current seems to be weakened and there is much less
activity around Cape Agulhas than using the winter velocity field. On the other
hand, the circulation is broader in the Indian Ocean. With the summer data
set, the recirculation in the Antarctic area is also weakened.
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The volume transport below have been calculated at each section for Tables (4.5,

4.6, 4.7) for water coming from equator. Results are in Sverdrups (1 Sv = 108
31
m°s ™).

Table 4.6: Transport calculated from annual mean + contribution from exact

Table 4.5: Transport calculated from OCCAM annual mean.

Total S D+I+S| IW IE | Recir
UNADW | 0.95 0.96 0.01 0.01 | 2.49
MNADW | 0.95 0.96 0.0 0.01| 0.59
LNADW | 1029 | 10.30 |l 445 1.01 || 19.98
REST 1.53 1.54 00 00 | 125
Total [ 1372 13.77 [ 4.46 1.03 || 24.31

bolus calculation.

Table 4.7: Transport calculated from annual mean + contribution from exact

Total S |D+I+S | IW IE | Recir
UNADW | 3.15 3.16 0.02 0.0 [ 232
MNADW | 2.09 2.09 0.02 0.0 || 1.81
LNADW | 7.9 7.99 504 0.19 || 14.39
REST 0.62 0.65 00 0.0 | 142
Total  [[13.85| 13.89 [ 5.08 0.19 [ 19.94

bolus calculation + contribution from detrending.

Total S D+I1+S | IW IE | Recir
UNADW | 3.49 3.50 002 00 [ 233
MNADW | 2.02 2.02 0.03 0.0 [ 1.82
LNADW | 8.09 8.09 504 0.05 | 14.39
REST 1.19 1.20 00 0.0 || 0.94
Total  [[1479 | 14.82 | 5.09 0.05 || 19.48
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South Australia (data at equator : 3 density classes)

3 : : : : : W SR

mi
-2 -2 -8 .18 -4 -2 -0 4 4 -4 -2 0 2 4 0 s [T I T)

C.I(in Sv)= 2. voltr= 1000. data origin: ann.mean1

Figure 4.12: Drake section annual mean data file

South Australia (data at equator : 3 density classes)

=7

& —

-2 -®» -18 -1 -4 -2 -0 -8 -4 -4 -2 O 2 3 s s 10 12 W s

C.i(In Sv)= 2. voltr= 1000. data origin: bojusi.dat

Figure 4.13: Drake section bolus data file

South Australia (data at equator : 3 density classes)

=7

0E

-z -2 -1 -8 -4 -12 -0 -8 -4 -4 -2 0 2 4 s s 10 12 14 18

C.i(in Sv)= 2. voltr= 1000. data origin: btrennew.dat

Figure 4.14: Drake section btrend data file
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South Australia (data at equator : 3 density classes)

A

L — e — f H ‘i B . H N H
aow OE

s
-n -2 -8 -¥ -4 -12 -0 -4 -4 - -2 ° 2 4 L] 8 10 12 " %
C.(in Sv)= 2. voltr=m 1000. data origin: winteri.dat

Figure 4.15: Drake section annual mean data file

South Australia (data at equator : 3 density classes)

=7

C.(in Sv)= 2. voltr= 1000, data origin: summert.dat

Figure 4.16: Drake section bolus data file
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Chapter 5

Conclusion

We investigated in this study the resolution of the North Atlantic Deep Water
and it upper layers return flow as parts of the Conveyor belt in the global ocean
high resolution OCCAM model. We used in this way a Lagrangian methods
which allow to trace a water masses as a set of trajectories calculated by a linear
interpolation of the velocities inside a grid box thus through the entire ocean.
This method is efficient as long as we use enough trajectories. We trajecto-
ries calculated from the equator to three sections : Drake Passage, Indonesian
Throughflow and South Australia. Forward in time for the lower branch of the
Conveyor Belt : the North Atlantic Deep Water defined as the water that flows
southward with a potential density o2 > 36.8. And Backward in time for the
upper branch, that is the NADW return flow defined as the water that flows
northward with a potential density o9 < 27.6. The streamfunctions has been
calculated from different data sets to study the impact of the bolus transport
and the drift on the water mass transport.

We gave evidence of the recently suggested SAUS route in the upper branch
of the Conveyor Belt but also of a season dependance transport both for NADW
and it return flow. We also gave evidence of a strong impact of the bolus trans-
port on both the routes and strength of the transport in OCCAM (that is an
eddy-permitting model). The streamfunctions calculated from the detrended
data set showed that the drift, induced by the not established steady state of
the model, has also an impact but more on the strength of the transport than
the water pathways.

We also have computed streamfunctions using a seasonal cycle, but this has
been done too late to integrated results in this report.

These results and the results from the seasonal cycle will be used in an inter
comparison study of the Conveyor Belt by the TRACMASS project team. In the
future, it could be interesting to investigate further the impact of the seasonal
cycle but also to the part of the transport that reaches the Bengulas Current
or participate in the Agulhas retroflection as we suggested that this region is
sensitive to both the season data set used and the bolus transport.
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