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Temporal Variability of the
Atlantic Meridional Overturning
Circulation at 26.5°N
Stuart A. Cunningham,1* Torsten Kanzow,1 Darren Rayner,1 Molly O. Baringer,2
William E. Johns,3 Jochem Marotzke,4* Hannah R. Longworth,1 Elizabeth M. Grant,1
Joël J.-M. Hirschi,1 Lisa M. Beal,3 Christopher S. Meinen,2 Harry L. Bryden1

The vigor of Atlantic meridional overturning circulation (MOC) is thought to be vulnerable to global
warming, but its short-term temporal variability is unknown so changes inferred from sparse
observations on the decadal time scale of recent climate change are uncertain. We combine
continuous measurements of the MOC (beginning in 2004) using the purposefully designed
transatlantic Rapid Climate Change array of moored instruments deployed along 26.5°N, with time
series of Gulf Stream transport and surface-layer Ekman transport to quantify its intra-annual
variability. The year-long average overturning is 18.7 ± 5.6 sverdrups (Sv) (range: 4.0 to 34.9 Sv,
where 1 Sv = a flow of ocean water of 106 cubic meters per second). Interannual changes in the
overturning can be monitored with a resolution of 1.5 Sv.

Defining the size of the variability in
MOC is a fundamental prerequisite to
understanding how it may be changing

on climate-relevant time scales. Recently, it was
suggested that the circulation has slowed by
30% or 8 Sv over the past decade, based on con-
sistent analysis of repeated hydrographic sec-
tions along 26.5°N (1). Coupled climate models
suggest that there will be a decline in the Atlantic
overturning circulation as a result of increased
CO2 in the atmosphere but that the change will
be gradual over this century (2). Is the suggested
8-Sv change in overturning just the result of intra-
annual variability in the circulation sampled by
each hydrographic section? What size of a change
in the overturning can be reliably detected above
the intra-annual variability? To answer such ques-
tions, we define the size and structure of the
intra-annual variability in the MOC at 26.5°N
from 1 year of measurements by using the Rapid
Climate Change (RAPID) mooring array (3).

The 26.5°N Atlantic section is separated
into two regions: a western boundary region,
where the Gulf Stream flows through the nar-
row (80 km), shallow (800 m) Florida Straits
between Florida and the Bahamas, and a trans-
atlantic mid-ocean region, extending from the
Bahamas at about 77°W to Africa at about 15°W
(fig. S1). Variability in Gulf Stream flow is de-
rived from cable voltage measurements across
the Florida Straits (4), and variability in wind-
driven surface-layer Ekman transport across

26.5°N is derived from QuikScat satellite–based
observations (5). To monitor the mid-ocean flow,
we deployed an array of moored instruments
along the 26.5°N section (fig. S2). The basic
principle of the array is to estimate the zonally
integrated geostrophic profile of northward ve-
locity on a daily basis from time-series measure-
ments of temperature and salinity throughout the
water column at the eastern and western bound-
aries. Inshore of the most westerly measure-
ments of temperature and salinity, the transports
of the Antilles current and deep western bound-
ary current are monitored by direct velocity
measurements [supporting online material (SOM)
text].

We deployed the mid-ocean array from
February to March 2004 and recovered it from
March to May 2005 (6, 7). The overlapping

period when the entire array was working for
its first year was 28 March 2004 to 31 March
2005. We have since redeployed the array in
spring 2005 and again in spring 2006. In this
report, we present results from the first year.
The design of the RAPID array for monitoring
basin-scale circulation was tested in numerical
ocean-circulation models (8, 9), and a com-
panion paper (10) demonstrates from the first
year’s time series that five independently mea-
sured transports (Gulf Stream, Ekman, boundary
wedge, baroclinic, and barotropic geostrophic
transports) are in overall mass balance for time
scales longer than 10 days, providing evidence
that the monitoring system works (SOM text).

To examine the intra-annual mid-ocean baro-
clinic variability in layers (Fig. 1), we estimated
daily transports above 800-m depth (thermocline
recirculation), between 800- and 1100-m depth
(intermediate water flow), between 1100- and
3000-m depth (upper North Atlantic deep water
or UNADW), and below 3000-m depth (lower
North Atlantic deep water or LNADW). We pre-
fer to use 800 m as a boundary for the thermo-
cline recirculation because this is the maximum
depth of the Florida Straits; thus, all of the north-
ward transport in the Gulf Stream and Ekman
layer occurs above 800-m depth.

The time series of layer transports (Fig. 2)
exhibit variability of about 3 Sv around their
time-averaged transports (Table 1): The SD in
thermocline recirculation and LNADW is ±2.7
and ±3.5 Sv, respectively, indicating the size of
the variability in baroclinic structure. Such var-
iability is smaller than the 6 Sv previously re-
ported from a modeling study (11). Still, the range
in transports is large: The southward thermocline
recirculation is as small as –6.6 Sv and as large
as –23.3 Sv, and the range in LNADW transport
is from 1.0 to –18.2 Sv.
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Rickenbacker Causeway, Miami, FL 33149, USA. 3Rosenstiel
School of Marine and Atmospheric Sciences (RSMAS), University
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D-20146 Hamburg, Germany.
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Fig. 1. Vertical profile of
the northward mid-ocean
transport per unit depth
(m2 s−1). Dynamic height
difference (east minus west
in m2 s−2) divided by Cori-
olis frequency (s−1) equals
transport per unit depth
and is proportional to the
zonally integrated meridi-
onal geostrophic velocity;
negative difference corre-
sponds to southward velocity
across 26.5°N. Reference
levels are chosen so that
the vertically integrated mid-
ocean geostrophic transport
equals the northward Gulf
Stream transport through
the Florida Straits plus the
average northward wind-driven Ekman transport across 26.5°N plus the boundary wedge transport.
The profile of year-long average (dashed-dotted curve), the profile on 2 November 2004 during the
extreme (dashed curve), and the maximum and minimum over the year at each depth (solid curves)
are shown.
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From March 2004 to March 2005, the Flor-
ida Straits transport is at its maximum in August
(Fig. 3), typical of its long-term seasonal cycle
(12). The year-long average transport is 31.7 Sv,
slightly less than the long-term mean of 32.2 Sv
(12), and the daily transport variations have a
SD of ±3.3 Sv (Table 2). During 2004–2005,
the northward wind-driven surface-layer Ekman
transport has an annual average value of 3.0 Sv,
smaller than the long-term mean Ekman trans-
port of about 3.8 Sv, due in part to anomalous
southward transport during February and March
2005. Long-term records of Ekman transport at
26.5°N exhibit small seasonal variability (13),
but from 2004 to 2005, the maximum northward
Ekman transport occurs in December and Jan-
uary. Daily variations in Ekman transport via
QuikScat data have a SD of ±4.4 Sv. The mid-
ocean thermocline recirculation above 800-m
depth is at a minimum in late September and a
maximum in December.

The maximum overturning, as is commonly
used by modelers in their overturning analyses,
is defined here as the sum of northward Gulf
Stream, Ekman, intermediate water, and south-
ward thermocline recirculation transports, which
gives the maximum amount of northward trans-
port of upper waters (SOM text); maximum over-
turning has an annual mean transport of 18.7 Sv
with a SD of ±5.6 Sv. The overturning reaches a
maximum value of 34.9 Sv in September, when
the Gulf Stream transport is near its summertime
maximum and when the southward upper mid-
ocean transport is near its minimum value. The
overturning achieves a minimum value of 4.0 Sv
in February when the Gulf Stream transport is
low, the Ekman transport is southward, and the
southward upper mid-ocean transport is rela-
tively strong.

Gulf Stream, Ekman, and upper mid-ocean
transport (Fig. 3) are nearly independent time
series, and there is no significant correlation among
them. There is some compensation inherent in
the mid-ocean recirculation because the reference-
level velocity depends on the size of the Gulf
Stream transport plus Ekman transport on each
day, but most of the transport compensation oc-
curs in the deep-water transports that have larger
areas. The SD in upper mid-ocean transport
(±3.1 Sv) is actually smaller than the variations
in Gulf Stream (±3.3 Sv) transport or Ekman
(±4.4 Sv) transport. Therefore, the variance in
the overturning is nearly equal to the sum of the
variances, so each component contributes about
equally to its temporal variability.

The most notable event in the year-long time
series occurs in early November 2004, when the
deep southward flow of LNADW essentially
ceased and there was a brief period of net north-
ward transport of deep waters below 3000-m
depth. In the time series of temperatures at the
western boundary station (fig. S4), the signature
of this event is a 700-m downward displacement
of isotherms below 2000 m. The vertical profile
of dynamic height difference (Fig. 1) shows

the sharp decrease in southward velocity in the
deep water, as compared to the average profile.
In terms of water masses, the cold LNADW ef-
fectively disappears at the boundary. Even
though the southward flow of LNADW stopped,
there is not a large anomaly in overturning. This
event is strongly baroclinic (Figs. 1 and 2): The
thermocline recirculation is close to its average
value whereas the southward flow of UNADW

is larger than average, which compensates for
the lack of LNADW transport. Thus, the over-
turning (Fig. 3) is close to its mean value during
this event.

There has been no comparable event ob-
served in historical transatlantic sections (14–18).
There was a steep descent of deep isotherms off-
shore from the western boundary in the 1957
hydrographic section, but the isotherms recovered

Fig. 2. Year-long time
series of layer transports
for thermocline recircu-
lation (red), intermediate
water (green), UNADW
(light blue), and LNADW
(dark blue). Negative trans-
ports correspond to south-
ward flow.
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Table 1. Mid-ocean layer transports (data reported in Sv).

Water depth Mean SD Minimum Maximum

0 to 800 m (thermocline recirculation) –16.9 2.7 –23.3 –6.6
800 to 1100 m (intermediate water) 0.7 0.6 –1.3 2.3
1100 to 3000 m (UNADW) –10.7 3.1 –19.2 –2.7
Below 3000 m (LNADW) –7.8 3.5 –18.2 1.0

Fig. 3. Daily time series
of Florida Straits transport
(blue), Ekman transport
(black), upper mid-ocean
transport (magenta), and
overturning transport (red)
for the period 29 March
2004 to 31 March 2005.
Florida Straits transport is
based on electromagnetic
cable measurements; a
gap in the time series of
~2months from 4 Septem-
ber to 28 October 2004 is
due to Hurricane Frances,
which destroyed the facili-
ty recording the voltage
(linear interpolation is cho-
sen here to fill the gap).
Ekman transport is based
on QuikScat-determined
winds. The upper mid-ocean transport, based on the RAPID time series, is the vertical integral of the
transport per unit depth down to the deepest northward velocity (~1100 m) on each day. Overturning
transport is then the sum of the Florida Straits, Ekman, and upper mid-ocean transports and represents
the maximum northward transport of upper-layer waters on each day (SOM text).
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at the boundary, suggesting that there was a deep
eddy of recirculating LNADW in this offshore
region. With the western station of the RAPID
array being so close to the western boundary,
there is no room for a deep western boundary
current to be inshore of mooring WB2 (SOM
text), so we do not consider this November
2004 event to be an eddy. Within 500 km of the
Bahamas, the deep western boundary current
transport is absent at this time.

In a recent paper, the strength of the MOC
calculated from hydrographic sections in 1957,
1981, 1992, 1998, and 2004 was found to have
reduced from 22.9 to 14.8 Sv, where the over-
turning was defined to be the net northward
transport above 1000-m depth (1). For the
2004–2005 time series, the overturning shallower
than 1000 m has a mean value of 19.0 Sv and
a SD of ±5.6 Sv. For the year-long time se-
ries, the range in daily overturning includes all
hydrographic section estimates, suggesting that
single hydrographic sections may represent
only intra-annual variability rather than a long-
term trend. The 2004 hydrographic section
started at the western boundary on 7 April 2004,
when the thermocline recirculation was large,
when LNADW transport was small (Fig. 2),
and when the overturning was small (Fig. 3). Thus,
relative to the 2004–2005 time series, the 2004
hydrographic section was taken during a period
of low overturning relative to the year-long aver-
age overturning.

The temporal variability in the overturning
resulting from fluctuations in the Florida Straits
or Ekman transports can be put into the context
of long time series of such transports. The Flor-
ida Straits transport time series goes back reliably
to 1982, with some cable time series continuing
to the 1950s and some dropsonde sections ex-
tending to as early as 1964 (12, 19, 20). Sim-
ilarly, the National Centers for Environmental
Prediction reanalysis project (21) archives wind
stress values back to the 1950s. Thus, any var-
iability in annually averaged overturning, due to
changes in Florida Straits or Ekman transports
of more than 1 or 2 Sv, should be immediately
recognizable. However, we lack a comparable
long time series of mid-ocean transport against
which we might examine changes in mid-ocean
circulation that would affect the strength of
the overturning. There are isolated hydrographic
stations on the eastern and western boundaries
that provide some additional information on long-

term variability in mid-ocean transport (22), but
these “snapshot” estimates of mid-ocean circu-
lation all lie within the range of variability in the
first year’s RAPID measurements. Without addi-
tional historical estimates to increase the degrees
of freedom, it is unlikely that we will be able to
conclusively demonstrate a change in the over-
turning circulation over the past 50 years.

In terms of the future detection of changes in
overturning, the prospects are better. The 2004–
2005 time series define a year-long average up-
per mid-ocean transport of –16.1 Sv with a SD
of ±3.1 Sv. Based on the integral time scales of
variability (SOM text), the SE of the yearly
average mid-ocean transport is about 0.8 Sv.
Indeed, we can monitor the yearly average mid-
ocean layer transports as well as the Florida
Straits or Ekman transports. If future years’ time
series exhibit similar intra-annual variability, we
should be able to identify real interannual var-
iability that is larger than 1.6 Sv in mid-ocean
transport averaged over a year. Combining the
mid-ocean Ekman and Florida Straits transports
into a time series of the overturning, we can es-
timate the yearly average overturning with a SE
of about 1.5 Sv. Thus, we can monitor the in-
terannual variability in the overturning at 26.5°N
with a resolution of 1.5 Sv. For example, if the
circulation passes through a bifurcation (23) or
if the overturning reduces by 25% [as coupled
climate models suggest that it might under in-
creasing atmospheric CO2 concentrations (24)],
we should also be capable of identifying the
change relative to the 2004–2005 average. There
may be interannual variability in the circulation
and overturning that would obscure a trend, as
found in coupled climate models (25); but, with
longer time series of mid-ocean transports from
the RAPID array (combined with continuing
cable measurements of Florida Straits transport
and satellite-based wind estimates of Ekman
transport), the interannual variability in Atlantic
overturning should be defined with a resolution
of 1.5 Sv.

Thus, although the intra-annual variability in
the overturning demonstrates that we are unlike-
ly to conclusively identify past changes in the
overturning using only sparse basin margin den-
sities at a single latitude, the observed temporal
variability defines the limit of our ability to
identify future changes. Fundamentally, we need
longer time series of the overturning to define its
interannual variability. Ten additional years of

uninterrupted measurements would ensure that
any seasonal cycles are well defined and would
also refine the nature of interannual variations,
whether they are oscillations, trends, or sudden
shifts.
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Observed Flow Compensation
Associated with the MOC at
26.5°N in the Atlantic
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The Atlantic meridional overturning circulation (MOC), which provides one-quarter of the global
meridional heat transport, is composed of a number of separate flow components. How changes in
the strength of each of those components may affect that of the others has been unclear because of a
lack of adequate data. We continuously observed the MOC at 26.5°N for 1 year using end-point
measurements of density, bottom pressure, and ocean currents; cable measurements across the Straits
of Florida; and wind stress. The different transport components largely compensate for
each other, thus confirming the validity of our monitoring approach. The MOC varied over the
period of observation by ±5.7 × 106 cubic meters per second, with density-inferred and wind-driven
transports contributing equally to it. We find evidence for depth-independent compensation for the
wind-driven surface flow.

The Atlantic meridional overturning circu-
lation (MOC) consists of a near-surface,
warm northward flow, compensated for

by a southward return flow at depth. Heat loss to
the atmosphere makes the increasingly dense
northward-flowing surface waters sink at high
latitudes to feed the deep return flow (1). The
vertical temperature contrast associated with this
flow results in a northward heat transport of 1.3 ×
1015 W at 24°N (2), which noticeably moderates
the Northeast Atlantic climate (3, 4).

Most of the observation-based estimates of
Atlantic MOC strength are based on infrequently
acquired zonal hydrographic sections. Because
the frequency distribution of theMOC variability
is unknown, long-term changes inferred from
these snapshot sections (5) may not be represent-
ative. Basic MOC characteristics, such as mag-
nitude and time scales of natural variability (6),
response to local wind-stress forcing, or the rela-
tive importance of wind-stress and buoyancy forc-
ing on subseasonal-to-decadal time scales (7, 8),

have not yet been observed. Our ability to detect
future MOC changes depends on the accurate
quantification of the MOC’s spectral distribution
and on understanding the physical processes
involved.

We analyzedMOC variability on subseasonal
time scales using a 1-year-long mooring-based
volume-transport time series fromMarch 2004 to
March 2005, acquired in the framework of the
rapid climate change/meridional overturning
circulation and heat flux array (RAPID/MOCHA)
experiment (9, 10). To compute the MOC, the
zonally integrated meridional flow across 26.5°N
as a function of depth (z) was observed. The
backbones of this effort are moorings that mea-
sure full water-column profiles of density and
ocean-bottom pressure at the western and eastern
endpoints of the basin interior (Fig. 1) and on
both sides of theMid-Atlantic Ridge (MAR) (fig.
S2). The eastern-to-western boundary-density
difference allows for the computation of the
temporal evolution of the basin-wide integrated
geostrophic-transport profile relative to 4820 dbar

1National Oceanography Centre, Empress Dock, South-
ampton, SO14 3ZH, UK. 2Rosenstiel School of Marine and
Atmospheric Science, 4600 Rickenbacker Causeway, Miami,
FL 33149, USA. 3National Oceanic and Atmospheric Admin-
istration Atlantic Oceanographic and Meteorological Labora-
tory, 4301 Rickenbacker Causeway, Miami, FL 33149, USA.
4Max-Planck-Institut für Meteorologie, Bundesstraße 53,
20146 Hamburg, Germany.

*To whom correspondence should be addressed. E-mail: tok@
noc.soton.ac.uk (T.K.); jochem.marotzke@zmaw.de (J.M.)

Fig. 1. Distribution of density (crosses) and bottom-pressure sensors
(squares) of the RAPID/MOCHA moorings at the western and eastern
boundaries of the subtropical North Atlantic near 26.5°N that are used
for computing the zonally integrated meridional geostrophic flow.
Direct current–meter measurements at the western boundary (circles)

complement the observations in the upper part of the western-boundary
continental slope. The location of the western- and eastern-boundary
mooring sites and that of the Straits of Florida telephone cable can be seen
in the insets. WBA, western boundary acoustic doppler current profiler;
WBH, western boundary homer; EB, eastern boundary.
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