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Abstract In a series of observing system simulations, we
test whether the Atlantic meridional overturning circulation
(AMOC) can be observed based on the existing Line W
deep western boundary array. We simulate a Line W array,
which is extended to the surface and to the east to cover the
basin to the Bermuda Rise. In the analyzed ocean circulation
model ORCAO025, such an extended Line W array captures
the main characteristics of the western boundary current.
Potential trans-basin observing systems for the AMOC are
tested by combining the extended Line W array with a
mid-ocean transport estimate obtained from thermal wind
“measurements” and Ekman transport to the total AMOC
(similarly to Hirschi et al., Geophys Res Lett 30(7):1413,
2003). First, we close Line W zonally supplementing the
western boundary array with several “moorings” in the basin
(Line W-32°N). Second, we supplement the western bound-
ary array with a combination of observations at Bermuda
and the eastern part of the RAPID array at 26°N (Line W-
B-RAPID). Both, a small number of density profiles across
the basin and also only sampling the eastern and west-
ern boundary, capture the variability of the AMOC at Line
W-32°N and Line W-B-RAPID. In the analyzed model,
the AMOC variability at both Line W-32°N and Line W-
B-RAPID is dominated by the western boundary current
variability. Away from the western boundary, the mid-ocean
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transport (east of Bermuda) shows no significant relation
between the two Line W-based sections and 26°N. Hence,
a Line W-based AMOC estimate could yield an estimate
of the meridional transport that is independent of the 26°N
RAPID estimate. The model-based observing system sim-
ulations presented here provide support for the use of Line
W as a cornerstone for a trans-basin AMOC observing
system.

Keywords Atlantic meridional overturning circulation -
Observing system simulations - Line W - RAPID

1 Introduction

The Atlantic meridional overturning circulation (AMOC)
plays a key role in the meridional transport of heat and fresh-
water. The AMOC is defined by the zonally and vertically
integrated meridional flow as a function of latitude. Observ-
ing the AMOC therefore requires a continuous estimate of
meridional velocity field across a zonal transect. Until the
start of the 26°N Rapid Climate Change-Meridional Over-
turning Circulation and Heat Flux array (RAPID/MOCHA)
in March 2004 (Kanzow et al. 2007; Cunningham et al.
2007), no measurement of the AMOC with the ability
to monitor long-term variations has been obtained due
to lack of adequate data. The AMOC estimate from the
RAPID/MOCHA array is a sum of several individually
measured components of the AMOC, namely the west-
ern boundary current (WBC), the Ekman transport, and a
mid-ocean component between Bahamas and West Africa.
The time mean AMOC and its standard deviation (STD)
obtained from 10-day low-pass-filtered RAPID/MOCHA
observations between April 2004 and April 2008 is
18.7 &+ 2.1 Sv (1 Sv = 10° m?/s; Kanzow et al. 2010).
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Recently, a further estimate of the AMOC at around 41°N
was obtained, based on profiling floats above 2,000 m show-
ing an AMOC of 15.5 Sv £+ 2.4 Sv (time mean value +
root-mean-square error (RMSE); Willis 2010).

Apart from RAPID/MOCHA, various observing systems
exist measuring components of the AMOC (Cunningham
and et al. 2010). However, none of these arrays apart from
RAPID/MOCHA covers the full basin to provide continu-
ous observations of the total AMOC raising the question
how representable the AMOC estimate of RAPID/MOCHA
is for other latitudes, as first raised by Bingham et al. (2008).
One observing array that focusses on the observation of the
Deep Western Boundary Current (DWBC) is Line W. The
program covers the continental slope between New England
and Bermuda with moored arrays and repeated shipboard
measurements underlying a satellite ground track (Toole
et al. 2011). While Line W is currently measuring one com-
ponent of the AMOC, reconstructing the full AMOC would
require an estimate of the flow in the interior.

In the present study, we test potential observing systems
for the AMOC extending Line W via Bermuda to capture a
basin-wide meridional flow. To test these potential observ-
ing systems, we deploy them into a numerical model and
simulate what a given configuration would measure. Essen-
tially, we subsample the full model circulation at a sampling
rate that would be achievable from measurements in the real
ocean. While such a test is inherently limited by the short-
comings of the underlying model, it does have the advantage
that we can test different configurations and compare them
directly against the full model solution. Here, we use a
model at eddy-permitting resolution (ORCA025 with 0.25°
resolution, Barnier et al. 2006).

Specifically, we investigate two options: (1) an observing
system based on new measurements closing Line W zon-
ally along 32°N, which is methodologically a transfer of
RAPID/MOCHA to 32°N, (2) an observing system closing
Line W with existing instruments of RAPID/MOCHA at
26°N and moorings next to Bermuda (Hydrostation ‘S’ and
Bermuda Atlantic Time-Series Study; Phillips and Joyce
(2007)). These tests do not imply that a potential observ-
ing system based on Line W would be the only option, but
building on an existing observing array ideally allows an
AMOC estimate for economizing time, costs, and mainte-
nance cruises. With the present study, we aim to test what
would be required to estimate the full AMOC based on the
Line W boundary array.

This study is organized as follows. Section 2 provides
technical details about the employed numerical model out-
put and the method. Section 3 presents an analysis of the
capability of using different sections to monitor the AMOC
as well as array simulations based on 26°N, 32°N, and Line
W. Sections 4 and 5 contain a discussion and conclusions,
respectively.

@ Springer

2 Methods and model
2.1 Simulated sections

We simulate observing systems at three sections: one based
on the existing 26°N RAPID/MOCHA array, one based
on the existing Line W boundary current array, and one
where RAPID and Line W are combined (Fig. 1, Table 1).
The section 26°N consists of three parts: (1) The WBC,
which is confined to Florida Straits between Florida and
the Bahamas, and which has high northward velocities with
maximum amplitudes of 1.8 m/s, (2) the mid-ocean area
west of the westernmost MAR mooring of RAPID/MOCHA
(26°Nw.s:), and (3) the mid-ocean area east of the west-
ernmost MAR mooring of RAPID/MOCHA (26°NEg;, c.f.
Fig. 1).

For the two sections based on Line W, the WBC lies
between New England and Bermuda, and is no longer geo-
graphically confined. The Line W DWBC array is located
at the continental slope south of New England and does
not cover the surface flow. Here, we first assume the WBC
transport to be known for the basin-wide observing system
(as for the 26°N RAPID array), and then test how the exist-
ing observations at Line W must be extended to capture the
total transport across the western boundary. After that, we
test potential observing systems based on the extended Line
W array.

For the potential observing systems, Line W is first
closed zonally across the basin, i.e., a mid-ocean part
between Bermuda and West Africa across 32°N is esti-
mated (Line W-32°N). Second, Line W is combined with
26°NEqs: of RAPID and is closed by the section B-MAR
between Bermuda and the westernmost MAR mooring of
RAPID/MOCHA (Line W-B-RAPID, c.f. Fig. 1). Note that
Bermuda in the model is represented by a seamount end-
ing 380 m below the surface. The entire WBC and DWBC
are contained between the coast and the Bermuda Rise, with
WBC and DWBC lying side by side (Fig. 2b, c).

2.2 Model and data set

The data used for the observing system simulations stem
from the global eddy-permitting ORCA025 model configu-
ration of the DRAKKAR project (Barnier et al. 2006; The
DRAKKAR Group 2006; and Madec 2008). The model
consists of an ocean circulation model (based on OPA9
code) coupled to the LIM2 sea-ice model (Goosse and
Fichefet 1999). The model grid (Arakawa C grid) is cen-
tered at tracer points and has a resolution of 1/4°. The actual
resolution used in our observing system simulations is 24.9
km at 26°N increasing to 20.9 km at 41°N (northern area
of LineW). The vertical grid consists of 46 non-equidistant
vertical levels, ranging from 6 m at the surface to 250 m
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Fig. 1 Mean SSH in meters (1998-2007) from ORCAO025 and map
of the investigated transects at 26°N, LineW-B-RAPID, and LineW-
32°N with its different sections. Line W extending from the shelf of
New England to Bermuda, B-MAR section between Bermuda and the

in bottom layers. In addition, partial cells are used in the
vertical at the bottom for a better representation of small
topographic slopes (Barnier et al. 2006).

In the present study, we use the model output from an
ORCAOQ25 configuration forced by a global climatology
based on NCEP reanalysis data (Large and Yeager 2009).
We use 16 years of model data with 5-day means (1992—
2007). If not remarked differently in the figure caption, the
time series shown in this paper are smoothed with a 30-
day running mean in order to reduce short time and high
frequent signal contributions which are more likely to be
ageostrophic. For every investigated section, temperature,
salinity, zonal and meridional velocities, and wind stress are
used. Temperature and salinity are interpolated linearly to
meridional velocity points of the model grid. Afterwards, in
situ density is calculated using the Jackett and McDougall
(1995) equation of state for seawater following the model.

2.3 Method

Decomposition To estimate the full AMOC, we decompose
it into individually observable components. The decomposi-
tion is similar to what is used to construct the 26°N RAPID
AMOC estimate (c.f. Kanzow et al. 2007), which is con-
ceptually based on the decomposition of the AMOC by
Lee and Marotzke (1998) and Marotzke et al. (1999). This
decomposition was also tested in model design studies by

0w a’w 20w 10°w

western MAR mooring of RAPID/MOCHA, and the 26°Nyy,; and
26°N s sections west and east of the westernmost MAR mooring of
RAPID/MOCHA

Hirschi et al. (2003) and Baehr et al. (2004). We briefly
describe the method here, mostly focussing on its adapta-
tion to the present study. The full model AMOC at a specific
latitude is given by

0 xg

Y (2) =//v(x,z) dx dz, (1)

Z XwW

where xw and xg are the western and eastern limits of the
basin, respectively, v the meridional velocity, and H the
maximum depth of the transect. In our observing system
simulations, we compare the full modelled AMOC against
a reconstructed AMOC .., which is the sum of a WBC
component Yype, a mid-ocean component ¥4, derived from
thermal wind and an Ekman component :

Vrec(2) & Yrwoe(2) + Yrw (2) + Yer (2). @)

We use the following convention for the individual compo-
nents of the AMOC to distinguish between the sections: 2
for 26°N RAPID/MOCHA, /32 for Line W-32°N, and
¥ */26 for Line W-B-RAPID.

To ensure mass balance across the zonal transect, we
introduce a spatially, but not temporally constant mass bal-
ance correction. We apply this correction separately to the
Ekman transport and the sum of Yrype + ¥1yy. Essentially,
we assume that the Ekman transport is balanced by a zon-
ally and vertically constant (barotropic) flow. The Ekman

Table 1 Summary of sections

in the present study Section Name

WBC Mid-Ocean

26°N

Line W-32°N

Line W-B-RAPID

Florida Straits 26°Nwest+ 26°N gast

(9 RAPID moorings)

Line W 32°N (no observational
equivalent exists)
Line W B-MAR and 26°NEg

(Hydrostation ‘S’+5 RAPID moorings)
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Fig. 2 Vertical transects of transects at a LineW-32°N, b LineW-B-
RAPID, and ¢ 26°N, showing the topography and model-based time-
mean velocity fields of the transects, velocities in meters per second.
The arrows labeled with B in a and b indicate the Bermuda Rise in the
model, the arrows labeled with MAR in b and ¢ indicate the western
MAR mooring of the RAPID array

transport is corrected following Lee and Marotzke (1998)
and Hirschi et al. (2003). We further assume that the interior
transport (¥;,) and the western boundary current balance
each other. Specifically, we calculate a correction velocity
(Usw) as in Hirschi et al. (2003):

WC_H w_H
ﬁthwb( );‘l/ft( )’ (3)

where the transport imbalance of the zonal section
Ywbe(—H) + Yy(—H) is divided by the section area
A. Mimicking a realistic observing system, we apply the
correction velocity only to ¥y,:

XE

Vi (@) = / f (Vw — Drw) dz dx. )

xw —H

The mass balance corrected reconstruction of the AMOC is
then

Vrec(2) = Ywbe (2) + Y (2) + Vek (). Q)

Mid-Ocean component The calculation of the mid-ocean
component is based on the thermal wind equation ( f g—’z’ =
.—p%g—i, where f .is the Coriolis parameter, g .the grav-
itational acceleration, and pp a reference density) using
densities at the eastern and western boundaries of the basin,

from which the meridional velocity can be calculated, to
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reconstruct a meridional streamfunction 1, (z) (as in
Hirschi et al. 2003):

xg 7
V(@) = / / Vi dz dx. (6)

xw —H

This streamfunction is corrected in order to hold mass bal-
ance as shown above. At 26°N and 32°N, the mid-ocean
transport is purely meridional, whereas the transport across
the section B-MAR of Line W-B-RAPID is rotated in cross-
sectional direction. To “measure” the density gradient for
the meridional velocity, we place several density profiles
across the basin, which represent moorings deployed in the
ocean.

Western boundary current In our simulations, we first
assume the WBC component 1/ypc to be completely known,
and therefore calculate it directly from the model veloc-
ity field. At 26°N, we calculate w@%o from the meridional
model velocity field in the Florida Straits. At Line W-32°N
(/%) and at Line W-B-RAPID (3/>°), we calculate the
WBC component from the meridional and zonal velocity
field and rotate it to ensure a cross-sectional transport which
is perpendicular to the used configuration representing
Line W.

Since the assumption of a completely known velocity
field at Line W is not justifiable from observations, we
subsequently deploy the Line W array as realistically as pos-
sible by using density profiles, as well as direct velocity
measurements at three places. To obtain the total transport
between New England and Bermuda, we extend the exist-
ing Line W array to the sea surface and place two additional
moorings at the Bermuda Rise. The full WBC transport is
calculated from the following components:

i
where Y inew is the transport “measured” by the Line W
array, YLineW_extension represents the extension of the Line
W array to the sea surface, and YL inew_east 1S the residual
flow of the western boundary based on the easternmost pro-
file of the Line W array and two additional density profiles
at Bermuda. To capture ¥ inew and ¥Linew_extension, WE US€
density profiles for thermal wind balance and in addition
to direct velocity observations. To ensure mass balance, we
apply the mass balance correction to both the mid-ocean
transport and the contribution obtained from Line W.

= YLineW T YLineW_extension + WLineW_easts @)

Ekman component We calculate the Ekman transport based
on the meridional wind stress, which is assumed to be
known from observations. Further details about the calcula-
tion of the Ekman component and its implementation in the
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simulated observing system can be found in Hirschi et al.
(2003) and Baehr et al. (2004). For the Line W and B-MAR,
we rotate the Ekman transport in cross-sectional direction
from the meridional and zonal Ekman transport.

3 Results
3.1 Analysis of the modeled AMOC variability

Modelled AMOC variability vs. RAPID/MOCHA at 26°N
Before we simulate AMOC observing systems, we com-
pare the modeled AMOC to the observations from the
RAPID/MOCHA array at 26°N to assess whether the model
can represent the observed AMOC variability. For the over-
lapping period of the array observations and the ORCA025
model simulation (April 2004-December 2008), we com-
pare monthly mean values of the AMOC and its components
(Fig. 3). The magnitude and variability of the total model
AMOC at 26°N (2 = 17.8 & 2.7 Sv) is in the same
order of the RAPID/MOCHA AMOC (18.7 & 3.9 Sv), the
correlation coefficient between them is about 0.64.

The large coherence of the AMOC of the model and
RAPID/MOCHA results from the dominance of the wind
forcing on seasonal to interannual timescales (Biastoch
et al. 2008), which is highly correlated between the model
and RAPID/MOCHA, although the strong influence of
the Florida current which is not reproduced in the model
(RMSE = 6.2 Sv) controls the large RMSE between the

40

2005 2006 2007 2008
Time

Fig. 3 26°N: modelled transports (thick lines) and transports of
RAPID/MOCHA (thin lines) between April 2004 and December 2007.
Western boundary current component (blue), AMOC (red), mid-ocean
transport (magenta), and Ekman component (black). The dashed lines
show the reconstructed mid-ocean transport and reconstructed AMOC
in the model based on thermal wind balance. The description of the
dashed lines can be found in Section 3.2(i).

AMOC of the model and RAPID/MOCHA (6 Sv). The mid-
ocean contribution in the model is calculated from the resid-
ual of Y26 = 26 — 20 — 20 (-16.4 £ 1.7 Sv), and is in
the order of the mid-ocean component of RAPID/MOCHA
(-16.5 £ 2.6 Sv). They have a correlation coefficient of 0.67
and a RMSE of 0.3 Sv showing that the model realistically
represents the observed mid-ocean variability. Overall, the
modeled AMOC and its components largely reproduce the
RAPID/MOCHA estimates in their time-mean value and
temporal variability, with the exception of the Florida Cur-
rent whose strength is generally reproduced by the model,
but the variability differs in detail.

Modeled AMOC variability of the simulated sections We
now turn to the three sections 26°N, Line W-32°N, and Line
W-B-RAPID and analyze the variability of the AMOC and
its components, directly computed from the model velocity
field in the top 1,000 m.

At 26°N, the AMOC is ¥2% = 17.6 £ 2.7 Sv (Fig. 4).
For the Line W-based sections, the AMOC is weaker than
at 26°N, because of the compensation of the northward
flowing WBC by the southward flowing DWBC (y*/3% =
11.8 4 5.6 Sv at Line-32°N, and ¢*/2¢ = 12.5 + 6.0 Sv at
Line W-B-RAPID, Fig. 4). In the model, WBC and DWBC
are lying side-by-side below 300 m depth at the western
edge of Line W, in contrast to 26°N where the DWBC sits
below the maximum AMOC at 1,000 m. Similar observa-
tions of the WBC and the DWBC flowing side-by-side at
Line W were obtained by Toole et al. (2011). With the WBC
no longer confined to a strait, the AMOC shows a larger
STD for the Line W-based sections than at 26°N.

Comparing the two Line W-based sections with the sec-
tion 26°N, no significant correlation can be found between
26°N and the Line W-based AMOC (y*/32 and y®/26),

the mid-ocean (1#,%32 and 1//;,%26), and WBC contribution

(w;”tf % and wwwlf ®) over the 16 years of model data ana-
lyzed here. Including also the Antilles current, flowing east
of the Bahamas, into the WBC at 26°N reveals no signifi-
cant relation to the Line W WBC. Comparing the two Line
W-based lines with each other does show a significant cor-
relation for the AMOC (0.95). This is only partly because
the two sections are based on the same WBC component
as the two mid-ocean components ¥,22>> and ¥2/*® are
also significantly correlated (0.92, Fig. 4), suggesting that
most of the variability of the mid-ocean originates from
the western part of the basin. Thus, an observing system
combining Line W with either observations across 32°N or
RAPID observations has the potential to deliver an estimate
of the mid-ocean transport independent of the RAPID-26°N
estimate.

The variability between the RAPID-26°N section and the
Line W-based sections shows little coherence on monthly
timescales supporting Bingham et al. (2008). The wind
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Fig. 4 Contributions to the 50
AMOC and their variability at 40
26°N (blue), Line W-B-RAPID 30
(black), and Line W-32°N (red):

a WBC component, b AMOC, 20
and ¢ mid-ocean component 10
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forcing clearly dominates the variability of the AMOC at the
investigated sections on seasonal to interannual timescales.
In the model, Line W is situated in a region where the Gulf
Stream detaches from the coast, begins to meander, and
forms eddies. These eddies spread predominantly eastward
leading to a strongly increased variability of the Line W
transport and introduce additional noise into the “observa-
tions”. Kanzow et al. (2009) noted that the across-section
translation of an eddy would influence the pressure gra-
dients when passing an endpoint of trans-basin observing
systems, as the northern/central part of Line W. Further-
more, the model reveals an unfortunate misrepresentation
in the area of Line W in the model. In this region, we find
a pronounced standing eddy pattern which is not present
in real observations but a common problem in ocean mod-
els, even at higher resolution (Barnier et al. 2006). Owing
to advanced numerics and the partial cells approach, the
transport of this “unrealistic Hatteras eddy” is significantly
reduced but still existent (Barnier et al. 2006). The presence
of the standing eddy leads to increased variability of the
transport and to non-geostrophic contributions in the veloc-
ity field. This can also be seen in the Eulerian overturning
streamfunction which we consider in this study or the tem-
poral evolution and STD of the barotropic streamfunction at
the western boundary (not shown).

The increased variability between 34°N to 40°N can also
be seen in zonal transects where the STD of the AMOC is
increased to about 3.5 Sv, albeit it is less intensified than
at Line W. But the transport measured at Line W includes
a strong influence of the zonal flow, such that the relation
between latitudes of 34°N to 40°N and Line W is generally
lower than between pure zonal transects.
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In order to understand whether the increased variabil-
ity stems from the standing eddy or is generally found for
angled sections, we test an arbitrary section south of Line
W and outside of the standing eddy pattern (zonally across
about 31°N, angled line at western boundary from 31°N-
35°N, not shown). In the angled section, we find a mean
AMOC of 14.9 Sv with a standard deviation of 2.9 Sv. The
standard deviation and the variability is comparable to pure
zonal sections, which further suggests that the standing eddy
causes the increased variability found at Line W and we
cannot generally assume that angled sections project more
variability on the AMOC.

In the present model, the variability of the 26°N AMOC
is dominated by the mid-ocean component (correlation
coefficient of 0.81 between mid-ocean and AMOC, com-
pared to 0.15 between WBC and AMOC). In contrast,
the variability of the Line W-based AMOC is dominated
by the WBC variability (correlation coefficient of 0.84
between Line W and AMOC at Line W-32°N, correlation
coefficient of 0.82 between Line W and AMOC at Line W-
B-RAPID), which confirms that an AMOC reconstruction
based on Line W appears to be largely 26°N-independent.
This strong dependence on the western boundary variabil-
ity demands an individual analysis of the representative-
ness of the Line W observations, which we conduct in
Section 3.2(5).

3.2 Simulation of potential observing systems
Having analyzed the variability in the model velocity field,

we now simulate an AMOC observing system by sub-
sampling the model output. Therefore, we deploy several
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density profiles across the basin to “measure” the thermal
wind component of the total AMOC (Eq. 5) in the model.

(1) 26°N — RAPID/MOCHA First, we simulate the exist-
ing RAPID/MOCHA array at 26°N. We deploy nine density
profiles across the basin at 26°N in the model, mimicking
the deployed moorings of RAPID/MOCHA. At the given
model resolution, the RAPID array can be conceptually rep-
resented with dense coverage at the eastern and western
boundary and moorings at the Mid-Atlantic Ridge. But the
resolution is too coarse to resolve the specific placement
of individual moorings within the boundary arrays. Simi-
larly to Hirschi et al. (2003), we use four density profiles
placed at the western boundary, two profiles at both sides
of the MAR, and three profiles at the eastern boundary of
the mid-ocean region. At 26°N, the WBC is geographically
separated from the mid-ocean region by the Bahamas, and
we assume it to be completely known.

At 26°N, the reconstructed mid-ocean transport 26
(-17.0 £ 1.7 Sv) is slightly larger than the modeled one
(-16.4 £ 1.7 Sv) given by 2 — Iﬁ\%%c - wezkﬁ, but repro-
duces the variability well (correlation coefficient of 0.91
between reconstructed and modeled mid-ocean transport,
Fig. 3). The total reconstructed AMOC v26. (17.2 4 2.8 Sv)
therefore slightly underestimates the modeled AMOC 20
(17.8 £ 2.7 Sv), but captures the variability on monthly
scales indicated by a correlation coefficient of 0.97.

(2) Line W-32°N — from the maximum number of 222 pro-
files to 4 profiles Second, we simulate an observing system
closing Line W by a zonal transect at 32°N. To recon-
struct w,";,/ 2 we place several moorings between Bermuda
and the coast of West Africa along 32°N. Methodologi-
cally, this represents a direct transfer of RAPID/MOCHA
to 32°N by splitting up the AMOC into a WBC compo-
nent, a mid-ocean component, and an Ekman component.
Placing a density profile at every grid cell along 32°N
(Fig. 5a), i.e., simulating the use of all possible density
information, reveals the highest order of information gained
from reconstructing the mid-ocean component.

The modeled AMOC has a time mean value of 11.8 Sv
with a STD of 5.6 Sv. The reconstruction based on all possi-
ble density information slightly underestimates the AMOC
with a time mean value of 11.1 Sv and a STD of 5.5 Sy,
where the modeled variability is very closely captured (not
shown). This is supported by a small RMSE of 1 Sv. Both,
the modeled AMOC and its reconstruction reveal a high
variability, though this large variability originates from the
WBC component at Line W (Fig. 3). The vertical profile
reveals that the AMOC below 2,000 m is systematically
underestimated (Fig. 5b), which is mostly due to an under-
estimation of bottom velocities occurring when the flow hits
topography (not shown).

When the number of profiles is reduced to a RAPID-
like array with 10 profiles, the RMSE between AMOC
and its reconstruction increases to 1.6 Sv (Fig. 5S¢, e, f,
compared to 1 Sv for all density information). The verti-
cal profile of the AMOC minus its reconstruction (Fig. 5c¢)
reveals an improved estimate, while the deep return flow
is slightly underestimated below 3,000 m (Fig. 5f). Note
that this improved representation of the deep return flow
is merely the consequence of a reduced error accumulation
when reducing the number of profiles from 222 to 10.

To assess the relevance of the mid-ocean component to
the total AMOC, we test a minimalistic observing system
setup using only four profiles, two at each side of the basin
(two westernmost and two easternmost profiles in Fig. 5a).
Somewhat surprisingly, the reduction to four profiles leads
to no significant decrease of quality of the reconstruction
(Fig. 5d). The modeled AMOC is captured remarkably well
in its strength and variability with bias of 0.02 Sv and a cor-
relation coefficient of 0.99. The RMSE is with 1 Sv only
slightly larger than for the maximum number of profiles.
Also, the reduction to four profiles leads to comparably lit-
tle misestimation of deep return flow (Fig. 5d), though no
density information below 2,200 m enter the calculation in
the interior. This appears to be a fortunate compensation of
errors, where overestimates and underestimates cancel each
other in the large bottom triangles.

(3) Line W-32°N with a time-mean WBC Since, as the pre-
vious results confirm, most of the variability of the AMOC
originates from the WBC component across Line W, we
now analyze the mid-ocean component separately. To allow
for a comparison with previous results, we reconstruct the
full AMOC but hold the WBC temporally constant. The
resulting AMOC based on the full density field still shows
a STD of 1.8 Sv (Fig. 6, compared to a STD of 5.5 Sv
for the full AMOC). The reconstructed AMOC based on
the maximum number of profiles has a STD of 1.8 Sv, as
well. The RMSE between the full modelled AMOC and the
reconstruction is 5.3 Sv and shows again the high impact
of the WBC variability on the total AMOC, whereas the
RMSE between the modelled AMOC with temporally con-
stant WBC and its reconstruction is 1 Sv (Fig. 6a, b).
Reducing the number of profiles to 10 increases the RMSE
to 1.6 Sv, mostly from a slight underestimation in the vari-
ability (Fig. 6¢, d). Reducing the number of profiles to
four (two at the western boundary and two at the eastern
boundary), the RMSE between the modelled AMOC and
its reconstruction yields 1.1 Sv (Fig. 6e, f). Holding further
the eastern boundary profiles constant to its mean value,
and only allowing temporal variations of the two western-
most profiles at 32°N, significantly reduces the variability
of the reconstructed AMOC (RMSE increases to 1.4 Sv),
while the errors in the vertical profile are largely unchanged
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Fig. 5 AMOC at LineW- 32°N
and its estimate based on density
profiles at every grid cell: a
Topography with placed density
profiles. Maximum number of
222 profiles in white. Reduced
number of density profiles in
black. Dark gray area shows the
transect of Line W where the
velocity field is assumed to be
completely known. b—d
Difference of the AMOC and its
reconstruction based on 222
density profiles (b), 10 density
profiles (c¢), and 2 profiles at the
western and 2 profiles at the
eastern boundary (d). Time
mean in blue, every time step in
gray, and standard deviation in
dark gray. e Time series of the
AMOC (red) and its
reconstruction based on 10
profiles (blue) at 1,000 m. f
Vertical time mean profile of the
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(Fig. 6g, h). These tests indicate that although the total
AMOC is dominated by the WBC contribution, the recon-
struction is sensitive to the number and location of profiles
chosen. In particular, both, the western and eastern bound-
ary contribute to the variability. As no eastern boundary
moorings exist presently at 32°N in the real ocean, we now
turn to testing to close Line W further south relying on
existing observations.

(4) Testing a realistic Line W western boundary array
Having tested possible observing strategies for the interior

2000 2004 2008
Time Sv

transport, we now analyze the influence of the WBC vari-
ability separately. We therefore construct a hypothetical
observing system where the AMOC is based entirely on the
Line W variability. Such a setup would not use any density
information from the mid-ocean, but only a compensation of
the western boundary. An AMOC based on such an observ-
ing system captures a dominant part of the total variability
(correlation of 0.8, not shown).

The assumption that the transport across the complete
western boundary is measured perfectly is not justified
at Line W, since the existing moorings cover mainly the

Fig. 6 Line W-32°N with time-
mean Line W transport: Time
series of the AMOC based on a
time-mean WBC component
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continental slope to observe the DWBC. The determina-
tion of the total transport at the western boundary, which
includes the WBC and the DWBC, is not yet realized
within the Line W DWBC array. Therefore, we test now an
observing system simulating the WBC measurements with
a combination of existing observations at Line W and an
extension to Bermuda.

We assume the total WBC transport can be composed
from three sets of moorings (Fig. 7): (1) the existing Line W
similar to its presently deployed setup in the Atlantic which
delivers temperature, salinity measurements, and direct cur-
rent meter measurements to measure the DWBC (YLinew,
white lines in Fig. 7) but omitting the surface flow (Toole
et al. 2011), (2) an extension of Line W to the surface
(VLineW _extension» black box at the surface in Fig. 7), and (3)
additional moorings to cover the basin to the Bermuda Rise
(YLinew_east, two black moorings at Bermuda in Fig. 7).
The moorings (2) and (3) are presently not deployed in the
Atlantic, but these observations are necessary to determine
the total flow (1//;”1{03 2) between New England and Bermuda.

For the relative velocities computed from thermal wind
balance at Line W, a reference level is assumed at about
1,000 m deep.

The Line W contribution ¥ jnew to the total WBC mostly
consists of the deep flow (Fig. 8a, b). The transport of the
upper 2,000 m is captured almost perfectly (correlation of
0.99, RMSE of 0.1 Sv). But the strong surface velocities of
the WBC (see Fig. 2), which account for a large amount
of the magnitude and variability of the western boundary
transport (Fig. 8c, d) must be covered by the extension of
Line W array to the surface by (2).

1000
2000

3000

Depth (m)

4000

5000

71 70 69 68 67 66
Longitude (W)

80°W

Fig. 7 a Configuration of Line W in the simulated observing system.
White lines (i) represent existing observations at Line W where the
solid lines are used to measure T and S and the dashed lines repre-
sent direct measurements of velocities. Black lines (ii) represent how
the existing Line W is extended to the surface. Black lines (iii) repre-
sent needed moorings at Bermuda to capture the WBC in the model
and to close the observing system. Red lines (iv) show how Line W is

The transport YLinew_extension 1S also measured accu-
rately (correlation coefficient of 0.99, RMSE of 2 Sv). In
addition, the missing (geostrophic) contribution between the
easternmost Line W mooring and the western boundary
moorings near Bermuda (Fig. 8e, f) must be obtained by (3)
for the total WBC transport from the thermal wind balance
(Fig. 8g, h). Using a setup which is close to the real Line W
array, we obtain a reasonable correlation (0.97), but a large
RMSE (5.2 Sv).

These differences stem from the presence of the unreal-
istic Hatteras eddy. For test purposes, we add direct velocity
measurements to this area and extend the Line W array
to the east (red moorings in Fig. 7 (iv)), which yields a
better representation of the transport between Line W and
Bermuda (Fig. 8e, f, correlation coefficient of 0.99, RMSE
of 2.5 Sv). Given that the standing eddy is a known model
deficit (Barnier et al. 2006), the suggested Line W extension
is constrained to additional surface observations (2) only.

The total transport wvuv)lf s largely reproduced (corre-
lation coefficient of 0.89, RMSE of 6.2 Sv), although the
measurements overestimate the model transport directly cal-
culated from the velocity field, and the pronounced peaks
cannot be reproduced. Deviations in the lower layers occur
as the method does not capture bottom velocities, and the
mass-balance correction in our simulations is applied to
both Line W and mid-ocean. Extending Line W to the east
to capture the standing eddy leads to a better representation
of the western boundary transport (Fig. 8g, h, correlation
coefficient of 0.97 and RMSE of 3.9 Sv).

In summary, the total WBC can be measured based on
Line W, its extension to the sea surface and to the east and

oW 60°W

Longitude

extended in the model to the east by T and S profiles and direct veloc-
ity measurements to cover and capture the unrealistic standing eddy
which is existent in the model. b Mean sea surface height (1998-2007)
from ORCAO25 showing the “unrealistic Hatteras eddy” at Line W
with the position of existing Line W moorings (white), of the exten-
sion to the east (red) and of the moorings at Bermuda (black). Contour
interval is 4 cm
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Fig. 8 Transport across Line W array and the components extending
Line W, which are used to measure the total WBC. Model transport:
solid red lines, reconstruction from direct velocities and thermal wind:
dashed blue lines, reconstruction from direct velocities and thermal
wind where Line W is extended to the east to cover the standing eddy:
dashed black lines. a Line W array ((i) in Fig. 7), mimicking the array
in the Atlantic. b Corresponding vertical profile of the volume trans-
port. ¢ Extension of the Line W array to the sea surface ((ii) in Fig. 7). d

two additional moorings at the Bermuda Rise. Using such
a setup for a hypothetical AMOC reconstruction, assum-
ing only a compensation of the WBC in the mid-ocean, the
variability of the measured transport across Line W still rep-
resents the AMOC variability with a correlation coefficient
of about 0.7.

(5) Line W-32°N based on a realistic Line W western
boundary array Now, we combine our extended Line W
array with 10 profiles placed across the basin at 32°N
(see Section 3.2(2)). Since the extended setup of Line
W overestimates the total WBC transport, the reconstruc-
tion (mean of 14.8 Sv) overestimates the AMOC by 3 Sv
(Fig. 9b). Further, the decreased variability of the recon-
structed AMOC (STD of 4.8 Sv) reflects the variability
obtained from the western boundary. This is also mirrored
by an RMSE of 4.3 Sv. The vertical profile reveals that the
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Corresponding vertical profile. e Additional measurements of the east-
ern part of the WBC between the easternmost mooring of the Line W
array mimicking the array and moorings at the Bermuda Rise ((iii) in
Fig. 7, dashed blue) , and of the eastward extension of Line W to cover
the standing eddy ((iv) in Fig. 7) and moorings at Bermuda (dashed
black). f Corresponding vertical profile. g Total transport between New
England and Bermuda that is the sum of the components in a—e. Colors
as in e. h Corresponding vertical profile

general structure can be obtained from the observing sys-
tem, though the reconstruction overestimates the AMOC
in all layers (Fig. 9c). The Hovmoeller diagram showing
the difference between AMOC and its reconstruction also
indicates that the AMOC is largely overestimated by its
reconstruction through all layers (Fig. 9d). Nevertheless, a
correlation coefficient of 0.84 confirms a proper reconstruc-
tion of the AMOC variability based on observations at Line
W, Bermuda, and 32°N. Including direct velocity measure-
ments of the standing eddy into the reconstruction (correla-
tion coefficient of 0.88, RMSE of 3.6 Sv) yields a slightly
better estimate of the AMOC, but the maximum AMOC is
still overestimated resulting from the overestimated WBC
(Fig. 9b).

(6) Line W-B-RAPID — fully known WBC and sensitivity
to the number of profiles As an alternative option to close
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Fig. 9 AMOC at LineW-32°N and its estimate based on measure-
ments at Line W and in the mid-ocean: a Topography with placed
density profiles. White lines represent existing observations at Line W,
where the solid lines are used to measure T and S, and the dashed lines
represent direct measurements of velocities. Black lines represent how
Line W is extended in the model to obtain a closed observing system.
Red lines indicate additional moorings needed to capture the standing

Line W, we simulate the use of the RAPID array east of
the westernmost MAR mooring (26°Ng,s;) and the exist-
ing observations at Bermuda (Line W-B-RAPID, Fig. 10a).
From a density profile at every grid cell, the reconstructed
AMOC shows a RMSE of 2.2 Sv against the modeled
AMOC (Fig. 10b—d). The AMOC has a time mean value of
12.5 Sv with a STD of 6 Sv, and the reconstruction has a
time mean value of 11.1 Sv with a STD of 5.6 Sv. Though
the RMSE is slightly larger than for the Line W-32°N recon-
structions, we proceed to deploy a setup for a Line W and
RAPID based observing system which is practicable in real-
ity since the visual impression supported by the correlation
coefficient of 0.96 still suggests that the variability is largely
captured.

Similar to 26°N and Line W-32°N, we reduce the num-
ber of profiles to a feasible amount. At 26°Ng,,,, we use
the same profiles as for the simulation of RAPID/MOCHA.
For the remaining gap between Bermuda and the RAPID
MAR mooring, we assume that a station as Hydrostation
‘S’ (e.g., Phillips and Joyce, 2007) can be used, where mea-
surements of temperature and salinity are taken biweekly to
about 3,300 m deep. Using profiles along the line, the mid-
ocean component is obtained from thermal wind balance.
Six profiles are used for the observing system based on Line
W, B-MAR, and 26°Ng; (Fig. 10a). The reconstruction of

eddy. b Time series of the AMOC (red), its reconstruction (blue) based
on Line W mimicking the array in the Atlantic (without red moorings
of a) and its reconstruction (gray) based on eastward extended Line W
(with red moorings of a) at 1,000 m. ¢ Vertical time mean profile of the
AMOC (red) and its reconstructions (blue, gray). d Hovmoeller dia-
gram of the AMOC minus its reconstruction (as in blue line in b and
¢) showing the absolute error

the AMOC has a time mean value of 11.2 Sv with a STD of
5.7 Sv, leaving a bias of 1.3 Sv, and a RMSE of 2.3 Sv. In
the vertical, the AMOC is nearly completely reconstructed
(Fig. 10e—g), though this is likely due to a cancelation of
errors, as the vertical profile for the maximum number of
density profiles shows a bias at depth (Fig. 10c, d).

(7) LineW-B-RAPID based on a realistic Line W western
boundary array As for Line W-32°N, an observing system
with a realistic setup of Line W comprising the extended
Line W array (Section 3.2(4)), measurements at Bermuda
and from the 26°N RAPID array is now tested. This setup
relies on a number of moorings which exist in real world
at Line W and RAPID/MOCHA, and uses only a few
additional, supplementary profiles (Fig. 11a). The resulting
reconstructed AMOC (wruéé% 16.0 + 4.8 Sv) overesti-
mates the AMOC by about 3.5 Sv (Fig. 11b); likewise, the
RMSE is 5.1 Sv. Similarly, the AMOC is overestimated in
all depth layers (Fig. 11c, d). The correlation coefficient
of 0.79 still suggests a reasonable estimate of the AMOC
based on direct measurements of velocity and the thermal
wind for the western boundary transport at Line W. Using
further direct velocity observations of the standing eddy,
the reconstruction is improved, although the overestima-
tion of the WBC is obvious in the overestimated AMOC
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Fig. 10 AMOC at LineW-B-RAPID and its reconstruction: a Topog-
raphy with six placed density profiles (black). Dark gray area shows
the transect of Line W where the velocity field is assumed to be com-
pletely known. b Time series of the AMOC (red) and its reconstruction
based on 173 profiles at every grid cell (blue). ¢ Vertical time mean
profile of the AMOC (red) and its reconstruction (blue). (d) Vertical

profile of the AMOC minus its reconstruction showing the absolute
error. STD in dark gray. e Time series of the AMOC (red) and its
reconstruction based on the six profiles (blue). f Vertical time mean
profile of the AMOC (red) and its reconstruction (blue). g Vertical pro-
file of the AMOC minus its reconstruction showing the absolute error.
STD in dark gray

Longitude (W)

mE

40 30

30
20l - -
E 2000 E
@ 10 ;E_ g
o [
0 O 4000 a
C
-10 - : :
1992 1996 2000 2004 2008 0 10 20
Time Sv

Fig. 11 AMOC at Line W-B-RAPID and its estimate based on mea-
surements at Line W and in the mid-ocean: a Topography with placed
density profiles. White lines represent existing observations at Line
W and RAPID/MOCHA, where the solid lines are used to measure T
and S, and the dashed lines represent direct measurements of veloc-
ities. Black lines represent, how Line W is extended in the model
to obtain a closed observing system. Red lines indicate additional
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moorings needed to capture the standing eddy. b Time series of the
AMOOC (red), its reconstruction (blue) based on Line W as presently
deployed in the Atlantic (without red moorings of a) and its reconstruc-
tion (gray) based on eastward extended Line W (with red moorings of
a) at 1,000 m. ¢ Vertical time mean profile of the AMOC (red) and its
reconstructions (blue,gray). d Vertical profile of the AMOC minus its
reconstruction showing the absolute error
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(RMSE of 4.1 Sv, correlation of 0.86, Fig. 11b). While these
tests indicate that closing Line W with an observing sys-
tem mostly based on existing observations (i.e., RAPID)
leads to a reasonable reconstruction of the AMOC in the
model, the question remains to what extent this would be
an AMOC reconstruction independent of the 26°N AMOC
reconstruction.

(8) LineW-B-RAPID against 26°N with a time-mean WBC
The WBC has a strong influence on the AMOC variability
at both sections Line W-B-RAPID and 26°N. To asses how
independent 26°N is from Line W-B-RAPID and to evaluate
the relation between the reconstructed mid-ocean compo-
nent of the two transects, we subtract the Ekman component
from the total AMOC and hold the WBC temporally con-
stant, so that the resulting transport variability is basically
given by /26 — ‘/f:;(/ 26 _ ‘/f‘% C2 6. Analogously to the previ-
ous analysis of Line W-32°N, the WBC component at Line
W is set to its time mean value of 31 Sv. Similarly, the
WBC component at 26°N is set to its mean value of about
31 Sv. The resulting AMOC at 26°N and Line W-B-RAPID,
containing only the variability of the mid-ocean transport
based on the thermal wind balance, shows no significant
relation between both sections (correlation coefficient of
0.47, Fig. 12a). The AMOC at 26°N exceeds the Line W-B-
RAPID AMOC by about 4 Sv. From the reconstruction of
the mid-ocean component, we obtain no significant relation
between both sections (correlation coefficient of 0.41, blue
and orange lines in Fig. 12b, c).

Aiming to separate the influence of the eastern bound-
ary, which is commonly used in both the 26°N and the Line
W-B-RAPID AMOC estimate, we analyze the variability at
26°NE,s: in relation to the western boundary variability and
the total mid-ocean variability of the sections 26°N and Line
W-B-RAPID. In addition to the above redefinition of the
AMOC, the 26°Ny.s; and B-MAR section are now set to
their time-mean value for this analysis to obtain the variabil-
ity of the eastern boundary array at 26°N. At 26°Ng,;;, the
eastern boundary transport based on the model velocity field
shows clear interannual variability at both sections Line W-
B-RAPID and 26°N. In the reconstructed AMOC, mostly
the seasonal cycle emerges, while the interannual variability
cannot be obtained from the density field (Fig. 13a, b). This
confirms the result of Bingham and Hughes (2008), who
have shown that on timescales longer than 1 year, the eastern
boundary can be neglected and variations of the AMOC can
be obtained from bottom pressure variations at the western
boundary at 42°N.

At 26°N, analyzing the contribution of the eastern and
western boundary transport fluctuations based on den-
sity field reveals that eastern and western boundary con-
tribute both significantly to the variability of the mid-
ocean transport in terms of standard deviation, although
the western boundary transport has a slightly higher STD
than the eastern boundary (1.7-1.2 Sv). Similar findings
have been attained from RAPID/MOCHA observations by
(Chidichimo et al. 2010) from analysis of the eastern
and western boundary density and transport fluctuations,

Fig. 12 AMOC at Line 20
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Fig. 13 AMOC at 26°N and 20
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but in the observations, the eastern and western boundary
contribute almost equally to the variability in terms of
the standard deviation. At Line W-B-RAPID, the western
boundary (section B-MAR) clearly shows a higher variabil-
ity than the eastern boundary 26°N g, (STD of 2.3-1.2 Sv)
introducing interannual variability into the total mid-ocean
transport. Due to the high influence of the western bound-
ary variability on the full mid-ocean transport resulting from
the density field at the section Line W-B-RAPID, the rela-
tion to the mid-ocean variability at 26°N is low (correlation
coefficient of 0.41).

Although both, the 26°N and the Line W-B-RAPID
section, use the eastern boundary moorings of RAPID
(26°NEa4st), which induces mostly the seasonal cycle into
the reconstructed AMOC, the relation between the 26°N
and the Line W-B-RAPID section is low. The major influ-
ence on the interannual variability of the interior transport
at Line W-B-RAPID comes from the reconstructed western
mid-ocean transport near Bermuda, leading to an evident
relation to the Line W-32°N section (not shown, correlation
coefficient 0.91).

4 Discussion

Both simulated observing systems at Line W-32°N, as well
as at Line W-B-RAPID capture the main characteristics
of the AMOC in the model. Hence, the exact setup of a
Line W-based observing system is—at least in the model—
not critical. However, a few limitations arise due to the
restriction of the model to represent the real—or rather
observed—AMOC variability.

Analyzing the two Line W-based sections, we find a high
influence of the WBC on the AMOC variability. In the
model, we cannot find any significant relation between the
variability at 26°N and the two Line W-based sections based
on transport comparisons partitioned by depth. We further
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find that the variability is also increased in the latitudes of
Line W for zonal sections, although the variability of the
transport across Line W exceeds that of the zonal sections
due to a higher influence of the zonal flow and the change of
pressure gradients by passing transient eddies. Further, the
unrealistic Hatteras eddy in ORCAOQ25 increases the vari-
ability and induces an ageostrophic contribution into the
velocity field at Line W which has to be taken into account
for our simulations. For other angled sections, the variabil-
ity of the AMOC is in the order of pure zonal sections.
Whether the observed transports are related is—at this point
—unclear. As proposed by (Toole et al. 2011), a comparison
of Line W and RAPID/MOCHA at 26°N based on density
classes would be a physically more meaningful approach,
since stratification varies much between 26°N and 40°N at
the northern edge of Line W. Besides, the effect of the eddy
field on the variability of the AMOC raises again the ques-
tion how eddies influence the variability we see in actual
measurements and how we can tackle the impact of the eddy
field in observations. But this issue goes beyond the scope
of this study and is left for future work.

The tested observing systems for reconstructing the
AMOC are based on Line W observations measuring the
WBC component, which cover the continental slope south
of New England with a moored array. However, the Line W
measurement program is designed to quantify the DWBC.
The total meridional transport including the northward
directed Gulf Stream is only sampled during occasional
cruises (Toole et al. 2011), so that an almost perfect obser-
vation of the WBC, as cable measurements provide in the
Florida Straits at 26°N, is not given at Line W. Thus, our
first assumption of a known WBC transport at Line W in the
model is too optimistic. But the implementation of a realistic
Line W array, providing temperature and salinity measure-
ments, as well as direct current meter observations at the
continental slope south of New England, leads, together
with extending Line W to the surface and deploying to
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additional moorings at the Bermuda Rise, to a sensible esti-
mate of the WBC between New England and Bermuda,
with the restriction that we have to assume a known
velocity field in the area of the standing eddy in the
model.

For an observing system based on Line W, RAPID/
MOCHA, and observations at Bermuda, it is debatable
whether the temporal resolution of the measurements at
Hydrostation ‘S’ (taken biweekly, c.f. Phillips and Joyce,
2007) is sufficient for a continuous AMOC monitoring
strategy in reality.

For both Line W-based observing systems, we find a rea-
sonable reconstruction of the AMOC. Reducing the number
of profiles to a thinned array using only few profiles at the
boundaries, we find a good reconstruction of the AMOC.
As a lot of density information is lost by thinning out the
profiles of the setup, an improved reconstruction is a result
of a cancelation of errors. In particular, the AMOC recon-
struction based on the full density field reveals that bottom
velocities are mostly underestimated by the method. Thus,
a better representation of bottom velocities and the deep
return flow by using fewer density profiles is unlikely. How-
ever, even with several adaptations that would have to be
made at Line W for a real observing system, the present sim-
ulations are a reference point for a Line W-based AMOC
observing system.

5 Conclusions

Based on our observing system simulations for the AMOC
in ORCAOQ25, we conclude:

e The existing Line W western boundary array allows
with its extension to the surface and to the east and addi-
tional moored observations at Bermuda a reasonable
measurement of the transport at the western boundary
between New England and Bermuda.

e Supplementing Line W with observations across 32°N
and with RAPID/MOCHA observations at 26°N yield
independent estimates of the AMOC variability at inter-
annual timescales.

® An observing system based on Line W and 32°N (Line
W-32°N) provides reasonable results in the model,
although poorly captured bottom velocities yield an
underestimated AMOC in deep layers.

e Anobserving system combining existing measurements
of Line W and RAPID/MOCHA provides a reliable
AMOC reconstruction, having the advantage that exist-
ing instruments could be used with relatively small
effort.

® An observing array based on Line W and RAPID/
MOCHA as before could potentially provide an AMOC

estimate largely independent of the 26°N AMOC vari-
ability: the AMOC variability is dominated by the
western boundary variability at interannual timescales,
while the eastern mid-ocean contribution mostly intro-
duces the seasonal cycle in the reconstructed AMOC.
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