
Ocean Modelling 29 (2009) 147–153
Contents lists available at ScienceDirect

Ocean Modelling

journal homepage: www.elsevier .com/locate /ocemod
Short communication

Testing concepts for continuous monitoring of the meridional overturning
circulation in the South Atlantic

Johanna Baehr a,*, Adrianne Stroup b,1, Jochem Marotzke c

a Dept. of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of Technology, 54-1517, 77 Massachusetts Avenue, Cambridge, MA 02139, USA
b California Institute of Technology, Pasadena, USA
c Max Planck Institute for Meteorology, Bundesstrasse 53, 20146 Hamburg, Germany

a r t i c l e i n f o
Article history:
Received 19 June 2008
Received in revised form 17 March 2009
Accepted 21 March 2009
Available online 31 March 2009

Keywords:
Meridional Overturning circulation
Monitoring
Observing system design
1463-5003/$ - see front matter � 2009 Elsevier Ltd. A
doi:10.1016/j.ocemod.2009.03.005

* Corresponding author. Present address: Institute
pus, University of Hamburg, Grindelberg 5, 20144 Ham
42838 7736.

E-mail address: johanna.baehr@zmaw.de (J. Baehr
1 Present address: eSolar, 130 W Union St., Pasadena
a b s t r a c t

We investigate if and how the monitoring strategy for the meridional overturning circulation (MOC)
implemented at 26�N in the Atlantic can also be applied at a latitude in the South Atlantic. The RAPID
26�N strategy to monitor the MOC is based on continuous measurements of zonal density differences
across a zonal transect, continuous measurements of the western boundary current, and additional esti-
mates of the zonal wind stress from satellite observations. Here, we simulate a monitoring array akin to
the RAPID array at 26�N in the global coupled climate ECHAM5/MPI-OM, forced with the IPCC scenario
A1B. We find that the monitoring strategy can provide reliable estimates of the MOC in the South Atlantic,
but the latitude needs to be carefully chosen to ensure adequate coverage of the variability arriving from
both the north and the south. The limitations in the North Atlantic apply in the South Atlantic, however,
we find that direct boundary current observations and bottom velocity measurements are of lesser
importance for the time-mean value and the variability than in the North Atlantic. However, western
boundary observations and bottom velocity measurements are crucial in capturing the vertical structure
of the MOC correctly. We suggest that basin-wide MOC monitoring based on the RAPID strategy at 26�N
be conducted only where boundary currents do not hit steep topography, and where bottom velocities
are small.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction Recently, efforts have been started to launch an integrated
Monitoring the Atlantic meridional overturning circulation
(MOC) requires the observation and understanding of both its
North Atlantic and South Atlantic components. In the South
Atlantic, the integrated flow of warm water is towards the equator,
and the integrated flow of cold water is towards the pole (e.g.,
Marotzke, 2000). The resulting equatorward heat transport in the
South Atlantic is a unique feature of today’s climate. While no
new water masses are formed in the South Atlantic, it plays a
crucial role in transporting and modifying remotely formed water
masses with potentially important influence on both the North
Atlantic MOC and heat transport. Estimates of the meridional mass
and heat transports in the South Atlantic are associated with large
uncertainties, and neither their time-mean values nor their vari-
ability are well understood (Ganachaud and Wunsch, 2000; Hurrell
et al., 2006).
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monitoring system for heat and mass transports in the South
Atlantic (Garzoli et al., 2008). In support of this effort, we assess
here whether the monitoring strategy currently implemented to
continuously monitor the MOC at 26�N in the Atlantic (Marotzke
et al., 2002; Schiermeier, 2004; Cunningham et al., 2007; Kanzow
et al., 2007) is transferable to the South Atlantic. In this note, we
focus on an array based on the same combinations of components
used in the 26�N array, namely, the measurements of density,
zonal wind stress and boundary currents. Specifically, we test
which latitude in the South Atlantic would be most suitable for
MOC observation based on the RAPID 26�N monitoring strategy.
Subsequently, we design the specific observing system at a poten-
tial latitude. Improving over previous observing system design
studies (Hirschi et al., 2003; Baehr et al., 2004), we investigate a
variety of choices for the level of no motion for this latitude.

Although this study tests the feasibility of using the currently
implemented monitoring strategy at another latitude, we do not
suggest that this strategy is the only imaginable MOC monitoring
strategy; it is merely the only strategy that has been implemented
so far. Other means of observation include satellite measurements
as well as the whole variety of in situ measurements, and ulti-
mately a synthesis of the various data sets, are essential to form
a comprehensive MOC monitoring system.
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2. Data and method

2.1. Method

The RAPID 26�N monitoring strategy is based on continuous
monitoring of the thermal wind, Ekman, and western boundary
contributions to the MOC. Its dynamical underpinning is the ther-
mal wind relationship, linking the zonal density gradient to the
meridional flow (Marotzke, 1997; Marotzke et al., 1999; Hirschi
and Marotzke, 2007). At 26�N, continuous measurements of the
density field are supplemented with direct boundary current
observations, ensuring coverage of the majority of the depth-aver-
aged flow (Cunningham et al., 2007; Kanzow et al., 2007; Johns
et al., 2008). Similarly to Hirschi et al. (2003) and Baehr et al.
(2004), we test the behavior of the observing system by deploying
it into a numerical model and mimicking the observations.

Specifically, we test the monitoring strategy by mimicking the
observations of density (‘density profiles’), zonal wind stress and
the western boundary in the numerical model. Using these ‘obser-
vations’ we calculate the meridional velocities and the Ekman
transport. First, for the density profiles, we subsample the model’s
density field over the full depth at a fixed number of longitudes.
These density profiles are initially places at every zonal grid cell
in the model. Subsequently the number of density profiles is re-
duced to resemble a feasible amount of full depth moorings. Be-
tween adjacent density profiles, we use the thermal wind
relation to calculate the vertical shear. From a fixed level of no mo-
tion (initially placed at the bottom), the shear is vertically inte-
grated to derive meridional velocities. Second, for the zonal wind
stress, we zonally integrate the model’s zonal wind stress across
the respective latitude to obtain the Ekman transport. When mim-
icking western boundary measurements, we replace the meridio-
nal velocity field from thermal wind with the model’s meridional
velocity field. To ensure mass balance across the zonal transect,
we apply a zonally constant correction to the velocity field derived
from the density profiles, the zonal wind stress and – if applicable
– the western boundary. From this corrected velocity field, we sub-
sequently derive the meridional transports (the ‘reconstructed
MOC’). We compare this reconstructed MOC to the MOC from the
model at the particular latitude considered. For MOC timeseries,
we compare the vertical maximum MOC from both the recon-
structed MOC and the model MOC at the particular latitude
considered.

Note that we test the observing systems’ ability to capture the
long-term variability of the MOC by testing different designs for
the density profiles. For the Ekman part, we essentially assume
continuous measurements of the wind stress (from satellites) cov-
ering the entire Ekman transport and its (changes in the)
variability.

2.2. Model output

The model output analyzed here stems from the coupled global
climate model ECHAM5/MPI-OM (Roeckner et al., 2003; Marsland
et al., 2003). ECHAM5 is realized at T63 spectral resolution
(approximately 140 � 210 km grid spacing at mid-latitudes) with
31 vertical levels. MPI-OM is realized on an orthogonal curvilinear
C-grid (Marsland et al., 2003). MPI-OM has an average horizontal
resolution of about 1.5�. In the vertical, there are 40 non-equidis-
tant z-levels, of which 20 are distributed over the top 700 m. Here,
we analyze an experiment forced with observed greenhouse gas
concentrations between 1860 and 2000, and with the IPCC emis-
sion scenario A1B after 2000. In the A1B scenario, greenhouse gas
concentrations rise from 380 to 700 ppm between the years 2000
and 2100. Starting from year 2100, the simulation is continued
for another 100 years where the levels of greenhouse gases are
kept at the level of the year 2100. All simulated observations are
assumed to be taken as monthly means, and all MOC reconstruc-
tions are based on those. Annual mean values are formed for the
figures.

3. Results

Initially, we test at which latitudes throughout the South
Atlantic the monitoring strategy implemented at 26�N is capable
of capturing the main characteristics of the MOC. Subsequently,
the array design is refined for one specific latitude.

3.1. MOC monitoring in the South Atlantic

The method used to establish whether the monitoring strategy
implemented at 26�N allows for a reconstruction of the MOC at
other latitudes, entails ‘deploying’ a density profile at every zonal
grid cell, and placing the level of no motion at the bottom. Here,
we consider both the North and the South Atlantic (Fig. 1),
similarly to Sime et al. (2006), Hirschi and Marotzke (2007).
Improving over Sime et al. (2006), Hirschi and Marotzke (2007)
we analyze both the capability of the array to capture the interan-
nual variability of the MOC (Fig. 1a and c), and a change in the
long-term behavior of the MOC (Fig. 1b and d). Here, we will refer
to changes in the MOC on decadal timescales as the long-term
behavior of the MOC. Outside of regions where large currents hit
steep topography (i:e:, south and north of 10–30�N), the interan-
nual variability is captured well throughout the entire Atlantic
(Fig. 1c). The same is true for a change in the long-term behavior
of the MOC (Fig. 1d). Note that this simulation is for an array with-
out western boundary current observations, and the reconstructed
MOC improves considerably if these are taken into account (e:g:, at
26�N (Hirschi et al., 2003; Baehr et al., 2004)).

Focusing on the MOC at about 1000 m, the interannual variabil-
ity is captured well at most latitudes. However, the time-mean va-
lue is captured only at latitudes where the boundary current does
not hit steep topography, or where bottom velocities are small, or
both (not shown). The time-mean value is overestimated south of
about 20�S, since the thermal wind contribution overestimates the
transports, which is mainly due to an underestimate of the deep
western boundary current. Between 11�S and 25�S the southward
boundary current increases in strength, and in turn velocities close
to the boundary (as well as those near the bottom) increase. North
of about 20�S, the time-mean value is underestimated. This is also
true if a change in the long-term behavior of the MOC occurs.

We intercompare the MOC reconstructions at 11�S, 18�S, 25�S,
and 35�S in the South Atlantic (Fig. 2, Table 1) to specifically estab-
lish a single latitude for suitable MOC monitoring. At the four dif-
ferent latitudes, the time-mean reconstructed MOC is smaller than
the maximum MOC by 4 Sv at 11�S, but larger by respectively 1.2
Sv, 7.5 Sv, and 9.0 Sv at 18�S, 25�S, and 35�S. For the full 340 year
timeseries the correlations between the maximum MOC and the
reconstructed MOC exceed 0.8 for all latitudes (Table 1). However,
the high correlations for the full timeseries mainly represent that
the reconstructed MOC captures the change in the long-term
behavior of the MOC. These high correlations do not represent
whether the short-term behavior is captured at all times. When
only the first 100 years of the timeseries are considered, correla-
tions are generally lower, and exceed 0.8 only at 11�S (Table 1).

Comparisons between the standard deviation of the first 100
years and the last hundred years of the 340 year simulation, show
a small increase (about 0.2 Sv) in the variability of the maximum
MOC at all four latitudes. The reconstructed MOC captures this in-
crease in variability at none of the four chosen latitudes. While at
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Fig. 1. Root mean square (RMS) error (top) and correlation coefficient (bottom) between the maximum MOC and the reconstructed MOC, using a density profile at each grid
cell, and a level of no motion at the bottom: (a) and (c) are for the first 100 years of the realization (1860–1960) where no change in the long-term behavior of the MOC occurs.
(b) and (d) are over the entire timeseries forced with the IPCC A1B scenario (340 years) where a 30% reduction occurs after about 140 years.

1900 1950 2000 2050 2100 2150 2200

10

20

30

Time (yr)

Tr
an

sp
or

t (
Sv

)

(a)

−10 0 10 20 30

0

5000

Transport (Sv)

D
ep

th
 (m

) (b)

1900 1950 2000 2050 2100 2150 2200

10

20

30

Time (yr)

Tr
an

sp
or

t (
Sv

)

(c)
−10 0 10 20 30

0

5000

Transport (Sv)

D
ep

th
 (m

)

(d)

1900 1950 2000 2050 2100 2150 2200

10

20

30

Time (yr)

Tr
an

sp
or

t (
Sv

)

(e)
−10 0 10 20 30

0

5000

Transport (Sv)

D
ep

th
 (m

) (f)

1900 1950 2000 2050 2100 2150 2200

10

20

30

Time (yr)

Tr
an

sp
or

t (
Sv

)

(g)
−10 0 10 20 30

0

5000

Transport (Sv)

D
ep

th
 (m

) (h)

Fig. 2. Timeseries of maximum MOC (red) and reconstructed MOC (blue) based on density profiles at every longitude and level of no motion placed at the bottom. The boxes
to the right show the time-mean vertical profile. 11�S (a and b), 18�S (c and d), 25�S (e and f), and 35�S (g and h). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this paper.)
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Table 1
Comparison of the maximum MOC and the reconstructed MOC at different latitudes.

11�S 18�S 25�S 35�S

Correlation (1860–1960) 0.83 0.74 0.6 0.75
Correlation (1860–2199) 0.91 0.85 0.84 0.9
Difference (time-mean in Sv) �4.0 1.2 7.5 9.0
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11�S and 18�S it overestimates the variability in the first 100 years
and reproduces the variability in the last 100 years within ±0.02 Sv,
at 25�S and 35�S it reproduces the variability in the first 100 years
within ±0.05 Sv and underestimates the variability in the last 100
years. Note that this change in the variability of the maximum
MOC is predominantly seen in the thermal wind contribution,
while the change the variability of the Ekman transport is
negligible.

Overall, the correlations are for both the first 100 years and the
full 340 year timeseries are higher at 11�S than at the other three
latitudes. Correlations are lowest at 25�S, which is close to the Con-
fluence of the Brazil and Falkland Currents in the employed model.
Differences at 18�S and 35�S are most notable in terms of the loca-
tion of the Agulhas Current, which enters the basin on the east just
south of 35�S, and as the Benguela Current, has nearly reached the
western boundary at 18�S. Comparisons of the time-mean vertical
profile of the model MOC and the reconstructed MOC (Fig. 2) indi-
cate that the time-mean value of the reconstructed MOC at 25�S
and 35�S is overestimated largely due to an underestimate of the
southward flowing deep western boundary current.

We will focus on 18�S to test the design of a realistic observing
system. While it is not the latitude with the highest correlation be-
tween maximum and reconstructed MOC, it shows a relatively
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Fig. 3. (a) Time-mean vertical profile of the reconstructed MOC at 18�S for different l
indicates the level of no motion ranging from the surface to the bottom. (b) as (a) but for t
the timeseries of the maximum MOC and the reconstructed MOC both at 18�S, depending
as (c), but for the entire 340 years forced with the A1B scenario.
small difference in the time-mean values of the maximum MOC
and the reconstructed MOC. More importantly, it is also further
south than 11�S. This is essential as the present observing system
relies on thermal wind to cover the entire basin with a limited
number of density profiles; non-geostrophic density fluctuations
are smaller further away from the Equator, and small density fluc-
tuations are also more enhanced through a smaller Coriolis
parameter.

3.2. MOC monitoring at 18�S

The reconstructed MOC 18�S captures changes in the MOC
strength and the short-term variability. So far, all our reconstruc-
tions have assumed a level of no motion at the bottom of the tran-
sect. However, the reconstructed MOC is quite sensitive to the
chosen level of no motion (Fig. 3a and b). A comparison of Fig. 3a
and b indicates that this sensitivity to the chosen level of no mo-
tion does not change with a change in the long-term behavior of
the MOC. Differences between the first 100 years and the total
timeseries are largest with respect to the long-term behavior of
the MOC, which weakens both in terms of the northward transport
and the southward transport. Note that for the level of no motion, a
climate change signal is reconstructed at most of the different
depths reasonably well, but miss considerable parts of the
short-term variability (Fig. 3c). While the time-mean MOC is
reconstructed accurately for a level of no motion at 1000 m, the
correlation between the MOC and its reconstruction at this
depth is quite small for the first hundred years (Fig. 3c). At
about 4000 m, the correlation coefficient indicates a slightly
improved reconstructed MOC, while the time-mean MOC is
Level of no motion (m)

D
ep

th
 (m

)

 

 (b)

2000 5000

1000

2000

3000

4000

5000

−10

0

10

20

30

Level of no motion (m)

D
ep

th
 (m

)

 

 (d)

2000 5000

1000

2000

3000

4000

5000

−1

−0.5

0

0.5

1

evel of no motion for the first 100 years (1860–1960) of the simulation. Abscissa
he entire 340 years forced with the A1B scenario. (c) Correlation coefficient between
on the level of no motion, for the first 100 years of the simulation (1860–1960). (d)



1900 1950 2000 2050 2100 2150 2200
10

20

30

Time (yr)
Tr

an
sp

or
t (

Sv
)

(a)
−10 0 10 20 30

0

5000

Transport (Sv)

D
ep

th
 (m

)

(b)

1900 1950 2000 2050 2100 2150 2200
10

20

30

Time (yr)

Tr
an

sp
or

t (
Sv

)

(c)
−10 0 10 20 30

0

5000

Transport (Sv)

D
ep

th
 (m

)

(d)

1900 1950 2000 2050 2100 2150 2200
10

20

30

Time (yr)

Tr
an

sp
or

t (
Sv

)

(e)
−10 0 10 20 30

0

5000

Transport (Sv)

D
ep

th
 (m

)

(f)

1900 1950 2000 2050 2100 2150 2200
10

20

30

Time (yr)

Tr
an

sp
or

t (
Sv

)

(g)
−10 0 10 20 30

0

5000

Transport (Sv)

D
ep

th
 (m

)

(h)

Fig. 4. 18�S, timeseries of MOC (left) and the time-mean vertical profile (right). Maximum MOC is shown in red. (a and b) Density profile at every longitude with a level of no
motion at the bottom (blue) and at 3500 m (cyan). (c and d) Density profile at every longitude with a level of no motion at 3500 m (cyan), and MOC reconstruction based on 9
density profiles (black). (e and f) Nine density profiles (black), and 9 density profiles plus additional current ’observations’ at the western boundary (green). (g and h) Nine
density profiles plus additional current ‘observations’ at the western boundary (green), 9 density profiles plus additional current ‘observations’ at the western boundary and
additional knowledge of the bottom velocities across the transect (magenta).
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largely unaffected (Fig. 4a and b). Therefore, the level of no motion
for 18�S is placed at about 4000 m in the following discussion.

Analyzing a latitude for potential observation primarily requires
the reduction of the number of density profiles to a feasible value.
When density profiles are taken at only 9 longitudes, instead of at
every longitude, the quality of the reconstructed MOC is not
noticeably reduced (Fig. 4c and d). Here, the density profiles are
placed predominantly at the continental slopes, four at the western
boundary and three at the eastern boundary. The density profiles
at either side of the Mid Atlantic Ridge are of little importance.
Knowledge of the western boundary current does not significantly
improve the time-mean MOC reconstruction, nor does it affect the
MOC variability, but it greatly improves the reconstruction of the
deep flow (Fig. 4e and f). Note that extending the coverage of the
western boundary either by additional density profiles or ‘direct
current measurements’ additionally improves the variability of
the reconstructed MOC due to an improved coverage of the
Benguela Current variability arriving from the East. Knowledge of
the bottom velocities across the entire transect results in an
additional improvement of the MOC reconstruction below about
3000 m (Fig. 4g and h). In reality, both intensive boundary current
observations and knowledge of the bottom velocities across the
entire transect would not be feasible. Whether bottom pressure
recorders could substitute for the knowledge of the bottom
velocity field remains to be established.

3.3. MOC monitoring in the North and South Atlantic

Continuous MOC monitoring at 18�S would allow us to assess
the MOC strength at 18�S and in the direct vicinity. Correlations
between the maximum MOC at 18�S and the maximum MOC at
adjacent latitudes are higher than 0.8 for the region from 13�S to
23�S approximately, when no change in the long-term behavior
of the MOC occurs (Fig. 5c). Similarly, correlations between the
maximum MOC at 26�N and the maximum MOC at adjacent lati-
tudes are largest about 5� north and south of 26�N (Fig. 5a). For a
change in the long-term behavior of the MOC throughout the North
Atlantic and the South Atlantic, the correlations of the MOC at 18�S
and 26�N are higher than 0.8 for ±20� north and south of the
respective latitude (Fig. 5b and d). Therefore, temporal changes
in the Atlantic MOC on the timescales of several decades could
be captured by a combination of MOC observations at two distinct
latitudes in the South and North Atlantic in the model. However,
for interannual and decadal variability without a change in the
long-term behavior of the MOC, additional observations, e:g:, in
the North Atlantic north of about 40�N are crucial to ensure
basin-wide MOC monitoring.

4. Discussion and conclusions

We examine an MOC monitoring system ‘deployed’ into a
numerical model, and test whether the simulated array can recon-
struct the MOC in the South Atlantic. We find that the quality of the
reconstructed MOC is similar to what has been previously found
for the North Atlantic (Hirschi et al., 2003; Baehr et al., 2004). Addi-
tionally, the model captures possible changes in the long-term
behavior of the MOC at various latitudes throughout the South
Atlantic. Similar to the North Atlantic, the latitudes that allow for
the best reconstruction over the full water column display small
bottom velocities and small depth-averaged velocities. Addition-
ally, we find that observing the South Atlantic MOC requires cap-
turing both the western boundary variability arriving from the
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Fig. 5. (Top) Correlation coefficients between the maximum MOC at 26�N, and the Atlantic MOC for (a) the first 100 years (1860–1960), and (b) the entire 340 years (1860–
2199) of the simulation. (Bottom) Correlation coefficients between the maximum MOC at 18�S, and the Atlantic MOC for the years (c) 1860–1960, and (d) 1860–2199.
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North as well as the Benguela Current variability arriving from the
South in agreement with Biastoch et al. (2008).

At 18�S, we find that the variability of the western boundary
current can be largely captured by observing density profiles. Addi-
tional direct boundary current observations mostly improve the
deep flow of the reconstructed MOC. Here, we focus on the capabil-
ity of a potential array to capture both the interannual variability
and potential changes in the long-term behavior of the MOC in
the South Atlantic. We find that the monitoring strategy employed
by the RAPID array at 26�N also provides reliable estimates in the
South Atlantic within the model, for both the present day climate
and a climate change scenario. However, we do not suggest that
the actual choice of a potential latitude for MOC observation or
the mooring placement could be based solely on the numerical
model employed here. Ultimately, an analysis in a higher resolu-
tion model, with the potential restriction to shorter timescales,
and a comparison to existing observations are required.

Timely detection of MOC changes will depend crucially on both
the quality and quantity of the available observations. Observing
the meridional transports across a zonal section is only one of
many possibilities. The results presented here suggest that moni-
toring the MOC at 18�S could be a useful step towards a compre-
hensive MOC monitoring system. However, a synthesis of various
data is necessary to analyze the propagation of MOC signals and,
establish detection and ultimately prediction capabilities of MOC
signals.
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