JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 116, C04012, doi:10.1029/2010JC006812, 2011

Multidecadal variability of the North Brazil Current
and its connection to the Atlantic meridional
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[11 The North Brazil Current (NBC) connects the North and South Atlantic and is the
major pathway for the surface return flow of the Atlantic meridional overturning
circulation (AMOC). Here, we calculate the NBC geostrophic transport time series based
on 5 decades of observations near the western boundary off the coast of Brazil. Results
reveal a multidecadal NBC variability that lags Labrador Sea deep convection by a few
years. The NBC transport time series is coherent with the Atlantic Multidecadal Oscillation
in sea surface temperature, which also has been widely linked to AMOC fluctuations

in previous modeling studies. Our results thus suggest that the observed multidecadal NBC
transport variability is a useful indicator for AMOC variations. The suggested connection
between the NBC and AMOC is assessed in a 700 year control simulation of the
Geophysical Fluid Dynamics Laboratory’s CM2.1 coupled climate model. The model
results are in agreement with observations and further demonstrate that the variability of
NBC transport is a good index for tracking AMOC variations. Concerning the debate
about whether a slowdown of AMOC has already occurred under global warming, the

observed NBC transport time series suggests strong multidecadal variability but no

significant trend.
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1. Introduction

[2] The North Brazil Current (NBC) flowing northward in
the tropical south Atlantic, is one of the strongest western
boundary currents in the world ocean. Its unique location,
straddling the tropical Atlantic where equatorial currents are
predominantly zonal, suggests its potential role as a major
component of the Atlantic meridional overturning circulation
(AMOC) [Lumpkin and Speer, 2003] (Figure 1). Moored
current measurement at 6°—11°S off the coast of Brazil clearly
revealed the strong northward flow with subsurface intensi-
fication in the upper 1200 m [Schott et al., 2005]. The
NBC is thus some times called the North Brazil Undercurrent
(NBUC), and is primarily responsible for the AMOC upper
branch return flow which crosses the tropical Atlantic [e.g.,
Hazeleger and Drijfhout, 2006]. Below the NBC, the strong
Deep Western Boundary Current (DWBC) carrying the North
Atlantic Deep Water (NADW) southward at depths deeper
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than 1200 m, represents the lower branch of the AMOC to
balance the northward surface flow [Schott et al., 2005].
There is a much weaker northward flow (4 Sv) in the interior
tropical South Atlantic thermocline, but it is part of the
lower branch of the Subtropical Cell (STC) which is balanced
by the southward surface Ekman current [Zhang et al., 2003].
The western boundary component of the STC in the NBC is
however entangled with the large-scale AMOC and con-
tributes to the interhemispheric transport associated with the
MOC [Hazeleger and Drijfhout, 2006].

[3] Model studies suggest that the NBC can provide an
index for the AMOC surface return flow. Chang et al. [2008]
showed that a dramatic change of NBC transport is con-
current with a significant weakening of the AMOC, both
following a significantly reduced deep water formation at
high latitudes in an idealized North Atlantic “water hosing”
coupled model experiment. Rabe et al. [2008] compared the
AMOC at 10°S with the NBC in the 50 year ECCO data
assimilation system, and showed that, at time scales of several
years or longer, the NBC variability is a good indicator of
the AMOC in their model. The most significant change they
observed in the simulated AMOC/NBC was a dramatic
weakening from the 1950s to the late 1960s and early 1970s,
and then a strengthening since then to the 1990s. Weakening
of the early decades however was attributed to the model
spin-up rather than to real variability [K6hl and Stammer,
2008]. Advanced ocean data assimilations based on differ-
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Figure 1. Schematic of upper limb of the AMOC based on Lumpkin and Speer [2003], superimposed on
the mean salinity map at 100 m. Also shown are the Labrador Sea deep convection site (star) and the NBC

region (rectangle).

ent schemes show the challenge of faithfully simulating the
decadal-to-multidecadal variability of the AMOC. There
appears to be no consistent low-frequency variability in
AMOC transport variation in available data assimilation
systems [Schott and Brandt, 2007; Balmaseda et al., 2007;
Ko6hl and Stammer, 2008]. The variations of subsurface
density structure in the North Atlantic are however consistent
with a gradual increasing trend of the AMOC transport from
the 1970s to 2000 [Zhang, 2008; Wang et al., 2010], in
contrast to the reported weakening trend under global
warming [Bryden et al., 2005].

[4] The climatic impact of the NBC and its influence on
Sea Surface Temperature (SST) was first discussed by Yang
[1999] using an idealized ocean model. He showed that the
NBC is the major source of AMOC variability in the tropical
Atlantic, regulating the tropical Atlantic cross-hemispheric
SST gradient by transporting more or less heat northward
across the equator. Later, more complete coupled atmosphere-
ocean general circulation models (GCMs) with several centu-
ries long integrations suggested that multidecadal variability
ofthe AMOC is responsible for the homogeneous basin-scale
SST variability in the North Atlantic with a signature of
opposite sign in the tropical South Atlantic [Knight et al.,
2005; Vellinga and Wu, 2004]. In the coupled GCM of
Vellinga and Wu’s [2004] Figure 2, the NBC is stronger
during decades of stronger AMOC composites than during
weaker composites. Chang et al. [2008] demonstrated the
potential role of NBC in abrupt climate change of the tropical
Atlantic and African Monsoon during the AMOC slowdown
in the Younger Dryas cold event.

[5] The primary objective of this paper is to estimate the
low-frequency variability in NBC transport based on his-
torical hydrographic observations in the western boundary

of tropical South Atlantic, and to investigate the possibility
of the NBC as an indicator for decadal-to-multidecadal
variability of the AMOC. Data and observational results will
be presented in sections 2 and 3. Two methods used for the
geostrophic transport calculation will be introduced in
section 2: Method 1 relies on gridded fields of the unevenly
distributed temperature (T) and salinity (S) profiles in the
western tropical South Atlantic with reference level of
1200 m. Method 2 directly uses profiles at onshore and off-
shore sides of the current without interpolation but referenced
to 600 m. In section 4, a parallel analysis of a multicentury
control run of the coupled climate model Geophysical Fluid
Dynamics Laboratory’s (GFDL’s) CM2.1 [Delworth et al.,
2006; Msadek et al., 2010] supplements the observational
analysis which is limited by historical data coverage. We
summarize the conclusions in section 5.

2. The Observed NBC Transport Time Series

[6] Geostrophic transports of the NBC are calculated using
historical hydrographic data, obtained from the updated NOAA
World Ocean Database 2009 [Boyer et al., 2006]. Although
data coverage in the western boundary region is much better
than in the rest of the ocean, these historical data are unevenly
distributed both spatially and temporally, and there is not
enough data to derive yearly time series of the NBC transport.
Therefore we interpolate the observed profiles to 9 year
intervals on a regular grid of 0.5° latitude x 0.2° longitude
using objective analysis [Mariano and Brown, 1992; Zhang
et al., 2003] in the western tropical south Atlantic, with a
decorrelation scale of 5° latitude x 2° longitude. Data noise
is chosen to be low in the objective analysis [Mariano and
Brown, 1992; Zhang et al., 2003] to avoid unnecessary
smoothing where data are available. The resulting gridded
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Figure 2. Data distribution of hydrocasts that had both T and S profiles reaching at least 1200 m in the
region off the coast of Brazil (11.5-4.5°S, coast to 25°W).

fields correspond to the midyear of the 9 year period. This
9 year window and interpolation allows enough profiles
near the coast and in the offshore side of the NBC to define the
geostrophic transport of the current. The calculated transport
time series from 1956 to 1996 is analogous to the 9 year
running mean though our results can be aliased by short-term
variations such as eddies and seasonal cycle, the effects of
which shall be considered in the error analysis. Following
Hydrobase [Curry, 1996], data and derived properties are
averaged and interpolated on density surfaces. Analysis on
density surfaces helps to reduce aliasing due to high-frequency
vertical movement of isopycnal surfaces and artificial mixing
of water masses across fronts and strong currents that is prone
to occur in depth coordinate analyses [Lozier et al., 1995;
Curry, 1996; Hazeleger and Drijfhout, 2006]. The geo-
strophic calculation is referenced to 1200 m, which is the
boundary between the northward NBC and the southward
DWBC at 5-11°S. This reference depth has been validated
using lowered acoustic Doppler current profiler (ADCP)
surveys, hydrographic sections [Schott et al., 2005], and the
results of a model based data assimilation study [Rabe et al.,
2008].

[7] The zonal section from the coast of Brazil to 25°W
along 6°S, where the NBC is primarily heading north, is
extracted from the objective analysis for NBC transport
calculations (method 1). In the gridded analysis, isopycnal
surfaces are objectively mapped into the bottom topography
at the coast to take into account the geostrophic shear of the
boundary current over topography, following Roemmich
and McCallister [1989] and Bingham and Talley [1991].
The level of no motion in the geostrophic calculation is
chosen to be 1200 m or the bottom, whichever is shallower.
Using method 2, we calculate the NBC transport directly

using the temperature and salinity profiles at two sides of the
current, since geostrophic transport only depends on the two
ends of a section. It is however difficult to determine which
profiles in the onshore side are to be used, because the
current flows along the coast with current axis meandering
between onshore and offshore positions. Since the mean
NBC core is generally located east of 1200 m isobath [Schott
et al., 2005], here we choose to use profiles near 600 m
isobath for the western side of the NBC between 4.5 and
11.5°S, the latitudinal range where the NBC transport is
stable [Schott et al., 2005]. We use profiles within 33-28°W
for the eastern side of the NBC. Profiles in the onshore side
are randomly paired to those in the offshore side for every
2° latitudinal band in each 9 year period, so that the geo-
strophic transport (referenced to 600 m) averaged from these
pairs is equivalent to applying a 9 year running mean as in
method 1.

[8] Figure 2 shows the data distribution of hydrocasts that
had both temperature and salinity profiles reaching at least
1200 m in the region off the coast of Brazil (11.5-4.5°S,
coast to 25°W), for every 9 years centered from 1955 to 1996.
The gesotrophic transport calculation critically depends on
the two ends near 35°W and 30°W that enclose the NBC and
its offshore recirculation. There are about 70% more hydro-
casts reaching 600 m than 1200 m in this region. Using
method 2, we are able to extend the NBC transport time series
derived from method 1 (1956—1996) to 1999. In recent years
Argo floats begin to provide real time coverage in the open
ocean, but the lack of profiles over the shelf in the western
boundary prevents us from extending our transport calcula-
tion after 2000. Note however that our calculation for the
last year 1999 uses all the data collected during the 9 year
window between 1995 and 2003.
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Figure 3. Time series of the NBC geostrophic transport using method 1. Green error bars of NBC trans-
port include the potential aliasing from the seasonal cycle in addition to uncertainties due to data distri-
bution, eddies, and offshore recirculation as indicated by red error bars. Mean transports from mooring
and ship ADCP (SADCP) measurements of Schott et al. [2005] during 2000-2004 are shown on the
right (see details in text), where the horizontal lines are positioned to show both the transport values and

the time window when measurements take place.

[o] Figure 3 shows the multidecade time series of NBC
transport calculated in method 1. Though the eddy related
high-frequency variability is small at 6°S compared to higher
latitudes, the offshore southward recirculation of the NBC
could introduce large errors in transport estimates if not
completely resolved [Schott et al., 2005; Zhang et al., 2003].
Our NBC transports are therefore integrated from the coast
to several hundred kilometers offshore to ensure that the
recirculation is properly accounted for. Our error bars in
transport time series are conservative and include uncertainties
associated with the data distribution, the extent of offshore
recirculation (as with Zhang et al. [2003]), and aliasing of
seasonal cycle. To derive error bars, we smoothed the cumu-
lative transport curves integrated from the coast to 25°W using
spline fitting and we define the errors as the largest deviations
across the zonal section between the smoothed and the orig-
inal cumulative transport curves. The logic behind this error
estimate is that these deviations could be caused by the
aliasing of incompletely resolved high-frequency and small-
spatial-scale oceanic processes, including the shifts of NBC
axis and its recirculation, as well as mesoscale eddies in the
shipboard data. The average of these errors from longitudinal
sections between 11.5 and 4.5°S in the gridded fields for
selected periods are shown by the error bars (red) in Figure 3
for the NBC transport estimation at 6°S. Since there were not
enough data to cover all seasons in those 9 year periods, the
amplitude of the NBC seasonal cycle (2.5 Sv) [Schott et al.,
2005] is also included to account for possible seasonal
aliasing. The combined errors are shown by the green error
bars.

[10] The transport values in our time series are in agree-
ment with lowered ADCP measurements of Schott et al.
[2005] during an overlapping period at the end of our
record. Schott et al. reported NBC transports with recircula-
tion of 22.1 Sv (1990-2004 mean ADCP section at 5°S),

21.7 Sv (2000-2004 mean ADCP section at 11°S), and
23.3 Sv (20002004 mean moored currents at 11°S with
partial recirculation). The latter two estimates are shown in
Figure 3 for comparison with our transport time series. The
decadal variability of the NBC transport can be compared to
the ocean model simulations of Hiittl and Boning [2006],
which were forced by realistic wind and heat flux variations
from the NCEP/NCAR reanalysis (Figure 4a). The observed
decadal variability with a standard deviation of 3.1 Sv is
larger than their model results, because their NBC transports
were integrated from simulated western boundary current in
the upper 300 m only. Our transport integrated in the upper
300 m (Figure 4b) shows comparable variability (standard
deviation of 1.7 Sv) and is about the same as the transport
variability calculated by method 2 (standard deviation of
1.9 Sv) using a reference level of 600 m. The high-
correlation (0.67, above 95% significance level) between the
transport time series given by the two independent methods
suggest that the variability was not caused by aliasing from
relatively few observations in deeper levels or the inter-
polation of the objective analysis. The weaker transport
variability in method 2 compared to method 1 also suggests
a significant coherent variability of the current between 600
and 1200 m.

3. Possible Links to the AMOC

[11] Since there is no observed multidecadal AMOC
transport time series to be compared with, we compare our
NBC transport timeseries to the decadal variability of the
Labrador Sea Water (LSW) thickness (Figure 5). The LSW
formation has long been viewed as the major mechanism for
NADW formation [Curry et al., 1998], with additional con-
tributions from overflows of the Nordic Seas. Modeling
studies have shown that decadal variability in LSW drives
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Figure 4. (a) The NBC transport anomalies (upper 300 m)
in 1/3° eddy permitting (solid) and 1/12° eddy resolving
(dashed) ocean simulation forced by realistic fluxes [Huitt!
and Béning, 2006]. (b) The upper 300 m geostrophic trans-
port in NBC (referenced to 1200 m) calculated by method 1
and geostrophic transport calculated in method 2 (referenced
to 600 m). Mean transport in both time series are removed.
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AMOC fluctuations in ocean models through relatively quick
dynamical ocean adjustment [Yang, 1999; Johnson and
Marshall, 2004; Getzlaff et al., 2005; Hiittl and Boning,
2006]. Due to a lack of direct multidecadal measurements
of AMOC strength, the LSW thickness has been used as an
indicator of deep convection in the Labrador Sea and, by
proxy, of AMOC variability [Curry et al., 1998; Latif et al.,
2006]. We calculated LSW thickness from objectively
mapped depths of two density surfaces, 0,5 = 34.62 and
015 = 34.72, as with Curry et al. [1998]. The objective
analysis in the subpolar North Atlantic was done every
9 years, similar to our analysis in the tropical south Atlantic.
The error bars of LSW thickness were derived from objective
mapping errors [Mariano and Brown, 1992] at the center of
the Labrador Sea. The highest correlation between LSW and
NBC is 0.81 (above 95% significance) when LSW leads by
2 or 3 years. The 95% significant level is 0.46, based on
17 degrees of freedom as determined by the integral time
scale of the time series [Davis, 1976]. The 2-3 year lag is in
excellent agreement with the time scale of dynamic adjust-
ment reported for eddy permitting ocean models [Getzlaff
et al., 2005]. They showed that the delay is much longer
in their coarse resolution models that do not fully represent
the relatively fast time scale dynamical adjustment that occurs
along the western boundary and the boundary between the
subtropical and subpolar gyres.

[12] Many studies have identified the AMOC as one driver
of the Atlantic Multidecadal Oscillation (AMO) [Knight
et al., 2006; Zhang and Delworth, 2006], a spatially homo-
geneous SST pattern in the North Atlantic that fluctuates on
multidecadal time scales [Enfield et al., 2001]. The corre-
lation of our NBC transport time series and Atlantic SST
resembles the AMO pattern as shown in Figure 6. The
opposite sign of SST variability in the North and South
Atlantic across the equator has been associated with north-
ward heat transport by the AMOC [Yang, 1999; Vellinga and
Wu, 2004]. Latif et al. [2006] argued that the SST difference
between the North and South Atlantic can be used to infer
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Figure 5. The NBC transport time series compared to the LSW thickness between 34.62 and 34.72 o4 5
density surfaces in the Labrador Sea as defined by Curry et al. [1998].
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Figure 6. Correlation map of the NBC and detrended
SST, showing the homogeneous AMO pattern in the North
Atlantic. SST observations were obtained from the Hadley
Centre data set (HadISST) at http://badc.nerc.ac.uk/data/
hadisst/. The NBC transport is correlated with the AMO
index at 0.73 at 0 lag, which is significant at greater than

95% confidence.

AMOC variations in the past. Our transport time series of
NBC is significantly correlated with the AMO index [Knight
et al., 2006] at zero lag (0.73), suggesting a direct connection
with the AMOC. The exact mechanism explaining the basin-
scale AMO SST pattern and its relation with the AMOC is
not clear. Sensitivity experiments using the tropical and
extratropical part of the observed AMO SST pattern to force
atmospheric general circulation models, suggest a dominant
influence of the tropical Atlantic [Sutton and Hodson, 2005,
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2007; Kushnir et al., 2010], where the SST pattern could be
set by the AMOC or NBC variability [Yang, 1999; Vellinga
and Wu, 2004]. The proposed mechanism involves tele-
connections with the northern North Atlantic that could
quickly affect SST through changing surface heat fluxes.
Another possible explanation is that the basin-scale SST
anomalies could be a direct response to changes in the
subpolar North Atlantic associated with the AMOC. The
fast equatorward progression of the midlatitude SST anomalies
can be dominated by an atmosphere-surface ocean mecha-
nism involving the wind-evaporation-SST feedbacks and an
anomalous north-south migration of Inter-Tropical Conver-
gence Zone, which are responsible for the asymmetry of SST
anomalies across the equator [Xie, 1999; Chiang and Bitz,
2005; Cheng et al., 2007; Chiang et al., 2008; Chang et al.,
2008]. However further work is required to clarify the respec-
tive role of the tropics and the influence of high-latitude
forcing.

4. The NBC and AMOC in Climate Model
GFDL’s CM2.1

[13] The uncertainties of our estimation of NBC transport
with the mean error of £3.4 Sv (including possible sea-
sonal aliasing) are large compared to the transport signal
with the standard deviation of +3.1 Sv. But the transport
values in the 1970s and 1980s are significantly lower than
those in the early 1960s and 1990s, and the timing of the
NBC variation fits well with physical models that predict
the NBC/AMOC’s response to the LSW variability and its
effect on the North Atlantic SST. To further confirm the
relationship between the NBC and the AMOC, we analyze
results of a state-of-the-art climate model, the GFDL’s
CM2.1 global coupled model [Delworth et al., 2006]. The
model simulation analyzed here is a 700 year long segment
of a 3000 year long control run in which the concentration
of greenhouse gases is fixed at the preindustrial level. The
700 year segment corresponds to that used by Msadek et al.
[2010] study on the AMOC predictability. Here we used
the same data for consistency and ease of presentation.
Looking at a longer segment of the simulation would give
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Figure 7. Transport time series of the NBC and the AMOC low-pass filtered at 10 years for a 700 year
long segment of the GFDL’s CM2.1 control simulation.
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similar results. In the model, the AMOC transport can be
unambiguously defined, as well as the relationship between
AMOC and NBC.

[14] Following previous studies, the AMOC transport is
defined each year as the maximum value of the mean stream
function in the North Atlantic. As the maximum of the mean
AMOC is located around 40°N in the GFDL’s CM2.1
model, using that fixed latitude to define the AMOC index
yields to similar results. The NBC transport is calculated in
the upper 1200 m of the western boundary current at 6°S
in the model. Figure 7 shows the transport time series of the
NBC and AMOC over a 700 year segment of the 3000 year
run. The correlation of the NBC and AMOC transport reaches
its maximum value of 0.8 at zero lag (Figure 8). The model
Labrador Sea deep convection index is defined by the max-
imum winter mixed layer depth averaged over the region
where the winter standard deviation exceeds 300 m. In the
model, Labrador Sea deep convection leads the AMOC by
6—7 years (Figure 9), with a maximum correlation of 0.5.
The longer lag time compared to 2-3 years suggested in
Figure 5 is consistent with [Getzlaff et al., 2005] results for
coarse resolution forced ocean models although further work

NBC AND AMOC

C04012

40°N

20°N

0°

20°S

20°W 0°

40°8 = :
80°W  60°W  40°W 20°E
Figure 10. Correlation map of the low-pass filtered SST
anomalies and the NBC transport time series in the GFDL’s
CM2.1 control simulation. As in the observations (Figure 6)
the homogeneous North Atlantic pattern closely resembles
the model AMO and the correlation between the NBC and
AMO time series equals 0.64 at lag 0, which exceeds the

95% significance level.

is required to assess the responsible mechanisms. Zhang
[2010] attributed the longer lag in the GFDL coupled model
to the anomalous gyre circulation in the western subtropical
and subpolar Atlantic. The modeled SST associated with the
NBC and AMOC transport at zero lag are identical (only the
correlation with the NBC is shown in Figure 10) and closely
resembles the observed and modeled AMO pattern. The
correlation between the NBC and the AMO time series in the
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Figure 9. Time series of the AMOC transport and

the Labrador Sea deep convection index low-pass

filtered at 10 years for a 700 year long segment of the GFDL’s CM2.1 control simulation. Deep water
formation in the Labrador Sea is defined in the region where the standard deviation of the winter mixed
layer depth exceeds 300 m, and the Labrador deep convection index is the winter mixed layer depth aver-

aged over this area. The index is shifted by 7 years,

showing its lead to the AMOC transport.
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model equals 0.64 at lag 0, which exceeds the 95% signifi-
cance level. Hence, the modeled relationship between the
NBC, AMOC, Labrador Sea deep convection, and SST cor-
roborates that suggested by our observational analysis.

5. Summary and Discussion

[15] Our observed multidecadal NBC transport signal is
only marginally significant because of limited data coverage,
but the weakening of the NBC in the 1970s and 1980s
compared to the high transports in the early 1960s and 1990s
are well above the noise level even when possible seasonal
aliasing is considered. In addition the observed transport
time series of the upper 300 m in the NBC is consistent with
a forced eddy permitting model simulation in both amplitude
and phase [Hiittl and Béning, 2006]. Caution, however, needs
to be exercised when interpreting the timing of our observed
NBC variability due to data limitations. Nevertheless, our
observed relationship of NBC and LSW thickness supports
earlier results of idealized model experiments on the response
of AMOC/NBC to Labrador Sea deep convection through
boundary waves [Yang, 1999; Johnson and Marshall, 2004;
Getzlaff et al., 2005]. The high correlation with the AMO,
that has been widely associated with the AMOC, also sup-
ports the connection of the NBC with AMOC. Though model
simulations have shown variations in the basin-scale struc-
ture of the AMOC in the North Atlantic Subtropical gyre on
synoptic to interannual time scales [Bingham et al., 2007,
Cunningham et al., 2007], the modeled AMOC is coherent
across the North and South Atlantic on decadal and longer time
scales [Vellinga and Wu, 2004; Msadek and Frankignoul,
2009]. Theory and numerical models suggest that the low-
latitude tropical South Atlantic is well suited for detection of
low-frequency multidecadal variability in the AMOC, because
the equator acts as a low-pass filter of the high-frequency
variability forced in the North Atlantic [Johnson and Marshall,
2004]. Given that there is a direct connection between the
AMOC and observed AMO variability, our observational
analysis suggests that multidecadal variability of NBC at
6°S, where interior currents are predominately zonal, can
serve as an indicator of low-frequency variability in the
AMOC. This suggestive observational conclusion is sup-
ported by the excellent correlation between the NBC and
AMOC in the multicentury simulation of GFDL’s CM2.1
coupled climate model, though a more thorough analysis of
the model is needed to understand the mechanisms that
link NBC decadal variability with the AMOC. In addition to
coastal Kelvin waves [Yang, 1999; Johnson and Marshall,
2004; Getzlaff et al., 2005], other mechanisms such as the
horizontal gyre dynamics [Zhang, 2010], lower-latitude
Rossby wave amplification [K6hl and Stammer, 2008], and
wind driven cross-equatorial flows [Lee and Wang, 2008]
may affect the connection between the NBC, the Labrador
Sea deep convection, and the AMOC. We will focus on these
issues in a future study using the GFDL and other models in
the Coupled Model Intercomparison Project [Meehl et al.,
2007].

[16] A slowdown of the AMOC has been reported from
analysis of 5 hydrographic sections over the past 50 years
[Bryden et al., 2005] and, while those results are contro-
versial because of the limited data on which they are based,
almost all state-of-the-art climate models project significant
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slowdown of the AMOC during this century in response to
the increased greenhouse gas concentrations in the atmo-
sphere [Meehl et al., 2007; Schmittner et al., 2005; Hu et al.,
2009]. Our results on the other hand suggest that such an
anticipated slowdown has not occurred yet even though
global temperatures have been significantly higher since the
1970s. While the AMOC might have been weakened from
the 1960s to the early 1970s, it has been strengthening since
then to the end of last century as shown in our transport time
series. The lack of a weakening trend may be due to an
AMOC stabilized by increased northward salinity transport
from the warm and saline tropical and subtropical Atlantic
[Curry et al., 2003; Latif et al., 2000] and increased merid-
ional density gradient in the North Atlantic [Wang et al.,
2010; Wu et al., 2004]. Analyses of subsurface temperature
and salinity anomalies in the subtropical and subpolar north
Atlantic [Zhang, 2008; Wang et al., 2010] also suggest a
strengthening of the AMOC from the 1970s to 1990s. Inten-
sified westerly wind and surface heat flux anomalies associated
with an upward trend of North Atlantic Oscillation [Hoerling
et al., 2001], as well as aerosol effects [Delworth and Dixon,
2006], may also have played a role in stabilizing the AMOC.
A more in depth assessment of how the AMOC is responding
to changing anthropogenic forcing is a critical research
challenge, but is beyond the scope of this paper.
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