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[1] Results from an interannually forced, 0.08� eddy-resolving simulation based on the
Hybrid Coordinate Ocean Model, in conjunction with a small but well-determined
transport database, are used to investigate the currents and transports associated with the
Atlantic meridional overturning circulation (AMOC) in the subpolar North Atlantic
(SPNA). The model results yield a consistent warming in the western SPNA since the early
1990s, along with mean transports similar to those observed for the trans-basin AMOC
across the World Ocean Circulation Experiment hydrographic section AR19 (16.4 Sv) and
boundary currents at the exit of the Labrador Sea near 53�N (39.0 Sv) and east of the Grand
Banks near 43�N (15.9 Sv). Over a 34 year integration, the model-determined AMOC across
the AR19 section and the western boundary current near 53�N both exhibit no systematic
trend but some long-term (interannual and longer) variabilities, including a decadal transport
variation of 3–4 Sv from relatively high in the 1990s to low in the 2000s. The decadal
variability of the model boundary current transport near 53�N lags the observed winter time
North Atlantic Oscillation index by about 2 years and leads the model AMOC across the
AR19 section by about 1 year. The model results also show that the long-term variabilities are
low compared to those on shorter time scales. Thus, rapid sampling of the current over long
time intervals is required to filter out high-frequency variabilities in order to determine the
lower frequency variabilities of interest.
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1. Introduction

[2] The subpolar North Atlantic (SPNA), here defined as
the segment between the Greenland-Iceland-Scotland (GIS)
Ridge and the World Ocean Circulation Experiment hydro-
graphic section AR19 (average latitude of ~ 46�N, Figure 1),
plays an important role in the deep water formation associated
with the Atlantic meridional overturning circulation (AMOC)
[e.g., Rhein et al., 2011]. The large-scale circulation in this
area generally consists of three layers (Figure 2). In an upper
layer, the North Atlantic Current (NAC), along with recircu-
lations, carries warm and saline water from the Gulf Stream
into the SPNA. An eastern branch of the NAC flows into the
Nordic Seas and the Arctic Ocean. The majority of this water

flows back into the North Atlantic as dense Nordic Seas Over-
flowWater (NSOW) over the GIS Ridge [Hansen et al., 2008,
Figure 1.15]. The western NAC branch recirculates around the
subpolar basins cyclonically, becomes colder and fresher en
route, and eventually transforms into Labrador Sea Water
(LSW) through wintertime deep convection. NSOW and
LSW, the primary water masses contributing to North Atlantic
Deep Water (NADW) and the deep western boundary current
(DWBC), constitute the deep and intermediate AMOC layers
of interest here.
[3] The water masses in the western SPNA have undergone

large, long-term changes in the past decades [e.g., Dickson
et al., 2002; Lazier et al., 2002; Stramma et al., 2004; Avsic
et al., 2006; Yashayaev, 2007; Sarafanov et al., 2007]. Quan-
tifying the transport variation is a challenge [Schott and
Brandt, 2007; Dickson et al., 2008], however. Transport
variabilities often have been estimated based on hydrographic
data, sometimes in conjunction with the sea surface height
(SSH) data from satellite altimeters to obtain absolute veloci-
ties (thus transports) [e.g., Bacon, 1998; Han and Tang, 2001;
Kieke and Rhein, 2006; Sarafanov et al., 2009; Sarafanov
et al., 2010; Han et al., 2010]. For example, Han et al. [2010]
estimated a decline of the boundary current transport by
6.3 � 1.5 Sv from 1993–1995 to 1996–1999 and a partial
rebound of 3.2 � 1.7 in the 2001–2004. The main difficulty,
however, stems from the fact that currents observed in this
area contain a high level of variability on eddy and other
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comparably short-time scales [Fischer et al., 2004, 2010;
Schott et al., 2004, 2006]. Thus, rapid sampling of the cur-
rents and time-averaging, not available from hydrographic
data, are needed to filter out high-frequency variability for
assessment of variations on interannual and longer time
scales.
[4] Häkkinen and Rhines [2004, 2009], primarily from

SSH data, suggest that the SPNA circulation has declined
significantly from 1994 to 2003. A somewhat different
change is depicted in Daniault et al. [2011], using data from
altimetry and a 2 year moored current meter array. The
boundary current transport southeast of Cape Farewell
declined from 1997 to 2005, whereas it is nearly the same
over 1993–1994 and 2002–2003. The annual mean trans-
ports in Daniault et al. [2011] have a small standard devia-
tion (1.0 Sv) compared to the mean (19.5 Sv). Existing
direct measurements of boundary currents in the western
SPNA (see section 2) suggest that temporal variability is
significantly lower on interannual and longer time scales
than on short-time scales. Overall, a quantitative description
of the low-frequency transport variability in the SPNA has
remained unclear observationally.
[5] The variability of the SPNA circulation has received

considerable attention in modeling studies with coarse and
eddy-permitting resolutions [e.g., Hátún et al., 2005; Zhang,
2008; Lohmann et al., 2009; Zhu and Demirov, 2011]. For
simplicity, we reference coarse, eddy-permitting, and eddy-
resolving simulations as having a horizontal grid size of
≥ 1�, 1/3–1/6�, and ≤ 1/10�, respectively. Using results

from 1/12� and 1/3� ocean general circulation models
(OGCMs), Böning et al. [2006] suggest that a mid-1990’s
decline in the SPNA circulation, associated with the AMOC,
is part of a decadal variability pattern. This decadal pattern,
based on the 1/3� model, is superimposed on a trend of trans-
port increase since about 1970. Because horizontal resolution
plays a critical role in simulating the narrow boundary current,
which carries most of the transport in the western SPNA
[Treguier et al., 2005], it is difficult to directly compare the
model results from eddy-permitting or coarser resolution to
observations. The purpose of this study is to examine the
AMOC associated transports in the western SPNA, including
both temporal variability and time-mean structure, using
results from an eddy-resolving simulation and model-data
comparisons. The results suggest that interannual and lon-
ger time scale variabilities are present but do not dominate
the transport in the western SPNA. These comparisons yield
general agreement between key model results and data.
[6] The paper is organized as follows: After the introduction,

primary observational results on the transports of the western
boundary current and trans-basin AMOC in the SPNA are
briefly summarized in section 2 The numerical simulations
used are described in section 3 In section 4, model transports
associated with the AMOC in the SPNA are discussed in com-
parison with the observations. In section 5, we examine, on an
approximately decadal time scale, the covariance of the bound-
ary current and the AMOC transports in the context of the
North Atlantic Oscillation (NAO [Hurrell, 1995]). Summary
and discussion of the main results follow in section 6.
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Figure 1. Bathymetry of the subpolar North Atlantic. Blue dots denote the hydrographic sections AR7W
and AR19. Red dots denote locations of five long-term moored current meter arrays where overflow water
transports have been observed [see Xu et al., 2010]. Red circles denote locations of long-term moored
current meter arrays at the exit of the Labrador Sea, near 53�N [Fischer et al., 2004, 2010] and east of
the Grand Banks, near 43�N [Clarke et al., 1998; Schott et al., 2004, 2006; Schott and Brandt, 2007].
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2. Transport From Observations

[7] The reader is referred to Schott and Brandt [2007] for
a review of the observational base related to the general
circulation pattern connected with the AMOC in the SPNA
(Figure 2). In this section, we focus on the key transport
measurements that are relevant to this study, particularly,
the boundary currents measured using moored current meter
arrays near 53�N and 43�N (red circles in Figure 1), along
with trans-basin AMOC transport estimates in this region.
[8] Since summer 1997, moored observations have been

collected over varying time intervals and locations at the exit
of the Labrador Sea near 53�N [Fischer et al., 2004, 2010].
For the first two years, this array consisted of five moorings
covering the boundary current near the shelf break out
into the deep Labrador Sea. Using these data, Fischer et al.
[2004] estimated a 2 year mean, full-depth boundary trans-
port of 37.2 Sv and an annual mean DWBC (below sθ
27.74 kg m�3) transport of 28.3 Sv in 1997 and 24.2 Sv in
1998. Due to various constraints, the array consisted of three
moorings in 1999–2003, one (K9, at 2870 m water depth) in
2003–2007, back to three in 2007–2009, and five in 2009–
2011. Comparison of the well-sampled Denmark Strait
overflow water (DSOW) transport for 1997–1999 and
2009–2010 shows very similar means and variabilities (trans-
port estimates for the full water column during 2009–2011 are

not yet available). The velocity records collected at K9 pro-
vide a long-term view of how the boundary current has varied.
Figure 3a, updated from Fischer et al. [2010], illustrates the
time series of the alongshore flow (155� from true north)
at K9 during 1997–2010. The four selected depth levels repre-
sent the upper layer (200 m), LSW (1500 m), Iceland–
Scotland overflow water (ISOW, 2400 m), and DSOW
(2800 m), respectively. Currents at all levels exhibit strong
intraseasonal and shorter time scale variability. Fischer et al.
[2010] calculated the spectra of the variability for each 2 year
long segment of the records and found that there is a spectral
peak at periods around 10–20 days and a rapid decay toward
longer and shorter periods.
[9] Fischer et al. [2010] also found that the annual mean

flow at all depths varies on the order of 10 percent relative to
the “decadal”mean and that there are no detectable systematic
trends in the boundary current intensity. In Figure 3b, the max-
imum and minimum (range) of the running-averaged along-
shore velocity at K9 is plotted as a function of the averaging
time scale. The current is characterized by high variability
on short-time scales (less than a year) and rapidly decreasing
variability toward longer time scales, e.g., with a range of
~ 20 cm s�1 for the monthly averaged velocities and only
2–4 cm s�1 for 3 year averages. The latter range value is also
significantly lower than the full-record mean velocity: 12.2,
12.7, 18.9, and 26.0 cm s�1 for upper layer, LSW, ISOW,
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Figure 2. A data-based, three-layer schematic depiction of the circulation pattern in the subpolar North
Atlantic. Red and deep yellow arrows represent the upper layer flow. Green and blue arrows represent the
intermediate and deep layer circulations, respectively. 00C" denotes deep convection, and 00E00 entrainment.
The current/water mass abbreviations are NAC: North Atlantic Current, SPF: Subpolar Front, IrC: Irminger
Current, NIIC: North Icelandic Irminger Current, EGC: East Greenland Current, EGCC: East Greenland
Coastal Current, WGC: West Greenland Current, BIC: Baffin Island Current, LC: Labrador Current, DLC:
Deep Labrador Current, DWBC: Deep Western Boundary Current, LSW: Labrador Sea Water, DSOW:
Denmark Strait Overflow Water, ISOW: Iceland–Scotland Overflow Water, NSOW: Nordic Seas Overflow
Water.
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and DSOW, respectively. These results imply that longer-term
variability does not dominate the observed mean current.
[10] Similar results were found east of the Grand Banks near

43�N, where two sets of moored current meter records, each
about two years long, were collected. The first set from 1993
to 1995 consisted of eight moorings, spanning about 500 km
and laterally covering both the DWBC and part of the NAC
[Clarke et al., 1998]. The second from 1999 to 2001 consisted
of four moorings focusing on the DWBC near the continental
slope. Based on these data, Schott et al. [2004] found that
the DWBC transport is about the same over 1993–1995
and 1999–2001 (their Table 4). Furthermore, one mooring

(K104) was deployed for another four years (2001–2005),
and the combined velocity records from this mooring (about
8 years) suggest a “surprisingly stable” boundary current when
the approximately 2 year long means of each deployment are
compared; see Schott et al. [2006] for details.
[11] Estimates of trans-basin AMOC transport in the SPNA

have been derived primarily from repeated hydrographic
sections. Results from three such sections yield very consistent
mean AMOC transports: 16.2 Sv across the AR19 section
[Lumpkin et al., 2008], 16.3 Sv across the A25 - Ovide
section which runs southeastward from Cape Farewell to the
Portuguese shelf [Lherminier et al., 2010], and 16.5 Sv across
59.5�N from Cape Farewell to Scotland [Sarafanov et al.,
2012]. These AMOC transport estimates are also in rough
agreement with the NADW formation rates calculated from
chlorofluorocarbon inventories in the North Atlantic Ocean:
17.2 � 5.1 Sv in Smethie and Fine [2001] and 19.6 � 3.4
Sv in LeBel et al. [2008]. From satellite observations of SSH
along with temperature, salinity, and velocity from profiling
floats, Willis [2010] estimated a mean AMOC transport of
15.5 � 2.4 Sv across 41�N in 2004–2006. He also suggested
that despite significant seasonal to intraseasonal fluctuations,
substantial slowing of the AMOC did not occur between
2002 and 2009, and is unlikely to have occurred in the past
two decades.

3. Eddy-Resolving Atlantic Simulations

[12] Existing direct measurements in general are neither
widely available nor long enough for discussion of long-term
variability. In this study, we consider transport results deter-
mined from interannually forced, eddy-resolving simulations
of the Hybrid Coordinate Ocean Model (HYCOM), using
observations as a guide. Xu et al. [2010, 2012] have shown
that the model results are helpful in addressing questions
related to the time-mean transports of NSOW in the northern
SPNA and to the AMOC structure in the subtropical North
Atlantic near 26.5�N. Here we consider the full water column
transports in the SPNA, with emphasis on temporal variability.
[13] The OGCM simulations used for this study are simi-

lar to those described in Xu et al. [2012]. These simulations
have a horizontal resolution of 0.08� (~ 6 km in the SPNA)
and 32 layers in the vertical. The computational domain
extends meridionally from 28�S to the Fram Strait at 80�N.
No inflow/outflow is prescribed at the northern and southern
boundaries. Within a buffer zone of 3� from the northern and
southern boundaries, the model potential temperature (T)
and salinity (S) are restored to a monthly ocean climatology,
the Generalized Digital Environmental Model (GDEM
[Carnes, 2009]), with an e-folding time of 5–60 days that
increases with distance from the boundary. Surface heat flux
is given by

Hnet ¼ Hshortwave þ Hlongwave þ Hlatent þ Hsensible; (1)

in which the surface short-wave radiation is from atmospheric
reanalysis or prediction products (see below), the long-wave
radiation, latent and sensible heat fluxes are calculated using
the modeled sea surface temperature (SST) and the bulk
formulae of Kara et al. [2005]. The latter provide negative
feedback that increases/decreases the net heat flux if model
SST is too cold/warm, and thus no SST restoring is applied
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Figure 3. (a) Time series of the alongshore velocity at four
selected depth levels from mooring K9 near 53�N; similar to
Figure 3a of Fischer et al. [2010], but including data from a
recent deployment (May 2009–July 2010) and ADCP data at
200 m from the first three deployments (July 1997–January
2000). Thin gray lines denote velocities at 12 h resolution,
and thick-colored lines denote 1 year averages. Horizontal
black lines denote full-record means of 12.2, 12.7, 18.9,
and 26.0 cm s�1 at 200, 1500, 2400, and 2800 m depth,
respectively. (b) Range of the averaged velocities as a function
of averaging time scale. The color-coded numbers are the
velocity ranges for 1, 12, 36, and 60 month averages at each
depth level. Note the record lengths vary between about
8 years (2400 m) and 11 years (200 m).
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in simulations discussed in this study.Surface freshwater flux
is treated as a virtual salinity flux Fsaln

Fsaln ¼ E� P� Rð Þ � SSS� V� SSS� Sclimð Þ; (2)

in which E, P, and R represent evaporation, precipitation,
and river runoffs and the sea surface salinity (SSS) is
restored to the GDEM climatology with a restoring strength
V of 15 m/30 days. The value (of V) used is similar to other
state-of-art models of comparable horizontal resolution in
the SPNA region (e.g., 10 m/15 days in Brandt et al.
[2007], 12 m/12 days in Chanut et al. [2008]). Previously
in model simulation E026 [Xu et al., 2012], the salinity
difference between model and climatology (SSS–Sclim) was
clipped to be no larger than 0.5. Since the idea of reducing
salinity restoring is to diminish its damping effect on ocean
fronts, in the simulations discussed here, the clip is not
applied in areas of low salinity (Sclim < 34.5) and high salin-
ity (Sclim > 36.8). This small modification helps constrain
the model salinization or salinity drift in the Labrador Sea,
as discussed below.
[14] The other difference is that the simulation considered

in this study was integrated much longer and used interan-
nual rather than climatological forcing. Two simulations
were performed. The climatological spin-up, E046, is a twin
experiment of E026, but with the modified surface salinity
restoring. The interannual experiment, E127, was initialized
from E046 at the beginning of model year 11 and was
integrated using two forcing products covering a time
period of 1978–2011. The European Center for Medium-
Range Weather Forecasts 6 hourly, 1.125� reanalysis
(ERA40 [Uppala et al., 2005]) was used for 1978–2002
and the Fleet Numerical Meteorology and Oceanography
Center 3 hourly, 0.5� Navy Operational Global Atmo-
spheric Prediction System (NOGAPS [Rosmond et al.,
2002]) for 2002–2011. In the process, the long-term
NOGAPS mean was replaced by the long-term mean from
ERA40 to avoid new spin-up/down. In this study, we will
primarily focus on the results from E127.
[15] Maintaining the T/S properties is a well-known

challenge for SPNA models. Specifically, OGCMs in this
region, even with surface salinity restoring, typically suf-
fer from model salinization in the Labrador Sea [Treguier
et al., 2005; Brandt et al., 2007; Chanut et al., 2008;
Rattan et al., 2010]. Spatially averaged T and S along
hydrographic section AR7W (see Figure 1) are shown in
Figure 4 to document the model drifts. The results of
E026 in Figure 4 show two phases of salinization, similar
to Rattan et al. [2010]. Fast salinization, accompanied by
warming (Figure 4a), in the first 4–5 years is associated
with the model adjustment away from its initial condition.
This adjustment is followed by an extended, but slower
drift of about 0.02 per decade. The latter drift rate is
comparable to other OGCM simulations, e.g., about 0.04
per decade in Chanut et al. [2008]. The modification of
surface salinity restoring reduced the salinity drift substan-
tially, as shown by the difference between E026 and E046
in Figure 4b.
[16] Observational T/S based on high-resolution conduc-

tivity–temperature–depth data are included in Figure 4 to
evaluate the variations in the model water properties (note

the observational T and S values are shifted by 0.50�C and
0.05, respectively, for a better illustration of the variability
comparison). The hydrographic surveys were carried out
during May–July almost annually since 1990 by the Ocean
Sciences Division at the Bedford Institute of Oceanography,
Canada. Data from 1990 to 2008 were available in the World
Ocean Database 2009. The T variation in simulation E127 is
consistent with observations (Figure 4a). The details of the
observed S variation are more difficult to interpret, but they
generally show an increasing trend, consistent with other
observations in the SPNA and Nordic Seas [Hátún et al.,
2005; Sarafanov et al., 2008; Holliday et al., 2008]. The S
in E127 exhibits a small drift (with a linear increase rate of
0.02 per century). Interannual variation in the model is
significantly lower than observed. These results suggest that
SSS restoring toward ocean climatology, a widely used
practice to prevent/reduce model salinization in OGCMs,
may have the undesirable effect of damping the natural
salinity variation. Note that the small variation in model
salinity could also be attributed to inadequate freshwater
forcing, i.e., from the closed northern boundary and/or lack
of a realistic ice model, etc. Overall, in the model results
discussed in this study, variation in T is significantly higher
(than in S) and dominates the density variation.
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4. Model-Based Transports in the SPNA in
Comparison With Data

[17] In this section, we consider results from the interannu-
ally forced, eddy-resolving simulation E127, as described in
section 3. The eddy-resolving numerical model results have
essentially no spatial/temporal sampling limitations. However,
it is essential to determine whether the model results in
the SPNA are consistent with observations, including their
variability. Particular attention is devoted to model versus
observed water property variations, western boundary current
structure and variability, and to trans-basin AMOC transports.
In the following subsections, we will examine the variation of
water properties and associated SSH in the western SPNA
(4.1), the western boundary current at the exit of the Labrador
Sea (4.2) and east of the Grand Banks (4.3), and the AMOC
transport across the hydrographic section AR19 (4.4).

4.1. Temperature and SSH Variations in the
Western SPNA

[18] The spatially averaged T and S across the Labrador Sea
have been shown in Figure 4. Figure 5 is the vertical distribu-
tion of the model average T of the boundary current across the
53�N mooring array in comparison with the winter time NAO
index (December through March). On interannual and longer
time scales, the model results show two periods of cold bound-
ary current during the mid-1980s and the early 1990s, both
related to a high NAO. The extended period of extremely

high NAO (1989–1995) is well known. During this period,
intense deep convection took place, and historically cold
and fresh LSW was formed [Yashayaev, 2007]. Since about
1993–1994, the western SPNA has undergone a decade-long
warming, which has been documented in several studies
[e.g., Lazier et al., 2002; Yashayaev, 2007; Fischer et al.,
2010]; see also Figure 4. Themodel-based warming in Figure 5
is highlighted by the deepening of the lower interface for model
layers 22 and 23, indicating that the warming signal penetrates
well into the LSW layer. This result is consistent with the tem-
perature record derived from mooring data over 1997–2009
at the same location [Fischer et al., 2010, their Figure 2b].
During the winter of 2007/8 and 2008/9, the model results
show a temperature drop. Cold temperature was observed
during these two winters (especially 2007/8), associated with
intense deep convection in the Labrador and Irminger Seas
[Våge et al., 2009; Yashayaev and Loder, 2009; de Jong
et al., 2012]. This temporary cold period may be a response
to the relatively high NAO in 2007 and 2008 (Figure 5a).
[19] The change in temperature and thus heat storage is the

key reason for SSH variation, although SSH toward high lati-
tudes is also affected by an increasing salinity contribution to
the density and by an increasingly barotropic flow structure.
Satellite altimeter-based SSH is available for much of the
global ocean since October 1992. The model-determined
SSH variation in the central Labrador Sea is compared in
Figure 6 with results from the weekly, 1/3� gridded AVISO
topography (http://www.aviso.oceanobs.com). Both model
and observed SSH show a low-frequency increase since the
mid-1990s, with some short-term variations superimposed.
While a somewhat similar low-frequency variation has been
shown in the eddy-resolving model results of Böning et al.
[2006, their Figure 3a], the model variations of the monthly
mean SSH are significantly more consistent with data in this
study. The short-term variation is mainly due to the seasonal
cycle of heating/cooling in the upper ocean (Figures 4 and
5). Spectral analysis suggests that both SSH and T time
series have peak variability energy at the annual period (not
shown here). The model SSH is low in the mid-1980s and
early 1990s corresponding to the period of cold boundary
current. The rise of SSH since 1993, from which Häkkinen
and Rhines [2004] inferred a significant decline in the SPNA
circulation, is linked to the warming period. The temporary
cold period during 2008–2009, however, is not clearly asso-
ciated with a low in SSH, probably due to the effect of lower
salinity (Figure 4).

4.2. Boundary Current Across the 53�N Array

[20] The model-based southeastward transport of the west-
ern boundary current across the 53�N mooring array is shown
in Figure 7. The boundary transport is defined as the net flux
across an area over which the time-mean velocity is southeast-
ward. The 34 years of daily averaged transports have a mean
of 39.0 Sv and a standard deviation of 7.9 Sv. A majority of
the variation is on intraseasonal and shorter time scales. Vari-
ability on interannual and longer time scales is significantly
lower, with a standard deviation of 2.5 Sv (2.0 Sv) for the
annual (4 year) mean transports. There is no systematic trend
over the 34 years of integration. The multiyear mean results
clearly show a long-term variation of the boundary current
from a time period of high transport in 1984–1997 to a period
of low transport in 1997–2010. The difference in mean
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Figure 5. (a) Winter time (December through March) index
of the North Atlantic Oscillation (NAO) during 1978–2011,
based on the difference of normalized sea level pressure
between Lisbon, Portugal and Reykjavik, Iceland [Hurrell,
1995]. (b) Potential temperature of the boundary current
across the 53�N mooring array over 1978–2011, based on a
0.08� Hybrid Coordinate Ocean Model (HYCOM) simulation
(E127). The model layer interfaces (not shown for the upper
most 15 layers) are denoted in gray lines, with the upper inter-
face of layers 21 and 25 highlighted in black. Layers 21–24 in
model roughly represent Labrador Sea Water; layers 25 and
below for Nordic Sea overflow water. Both temperature and
interface are 1 month running averaged. The results could be
compared to Figure 2b in Fischer et al. [2010].
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transport between these two periods is 3.9 Sv, 10% of the
long-term mean. These model results, consistent with the
velocity measurements discussed in section 2, suggest that

long-term variability is present but does not dominate the
mean boundary current transport in the western SPNA.
[21] To inspect the relationship between SSH in the

central Labrador Sea and boundary transport at 53�N, the
two yearly running averages are plotted together in Figure 8.
Similar to the results from eddy-permitting simulations
[Böning et al., 2006; Zhu and Demirov, 2011], there is some
correlation between low SSH and high boundary transports
on a decadal time scale (see section 5 for more details). From
1994 to 1999, the SSH rose about 8 cm, and the boundary
transport decreased about 7 Sv. This transport decline is
within the 7–10 Sv range estimated by Häkkinen and Rhines
[2004]. The relationship between SSH and boundary current
transport is not robust on interannual and shorter time scales,
however. For example, the two yearly averaged time series
in Figure 8 have a maximum cross-correlation coefficient of
only 0.30 with SSH leading by 195 days (not shown). To
explore the reason, the boundary transport is broken down into
three layers in Figure 9, roughly representing an upper layer
above 500 m, a middle layer of LSW between 500 and 1900
m, and a lower layer of NSOW below 1900 m; see Figure 5
for layer depth. The results suggest that the variation in bound-
ary transport is primarily a contribution from the LSW layer
and not from the upper layer. It should be pointed out that
while there is large thickness variation within the LSW layer
amongmodel layers 22 to 24, similar to the observed thickness
change between upper and classic LSW [Kieke et al., 2007],
the variation of total LSW layer thickness is relatively small.
Thus, the transport variation, as shown in Figure 9b, is primar-
ily due to velocity change. The small transport variation of the
lower layer (Figure 9c), on the other hand, is linked to the thick-
ness change.
[22] The observed and modeled structures of the along-

shore velocity are compared in Figure 10. The observed
boundary current (Figure 10a) contains two cores of maxi-
mum velocity. One near the shelf break in the upper 500 m
is associated with the Labrador Current (LC), and the other
located at depths below 3000 m is associated with DSOW.
A similar structure can be found in the boundary current
derived from lowered acoustic Doppler current profilers
(LADCPs), or from geostrophic currents referenced by moor-
ing and float data [Fischer et al., 2004, 2010]. The model
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running averages, respectively. The results could be compared
to Figure 3a in Böning et al. [2006].
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results yield a well-defined boundary current with a slanting
offshore structure similar to observations (Figure 10b). There
are several key differences, however. Vertically, the baroclinic
signatures of both LC and DSOW are missing. The latter is
highlighted best by the discrepancy in the velocity profile at

mooring K9 near the bottom (Figure 10c). The model-based
maximum velocity is about 17 cm s�1 (versus 26 cm s�1

observed). Horizontally, the model-based boundary current
is slightly narrower and is located more inshore than
observed. As a result, the current at K8 is significantly stron-
ger than observed.
[23] Consistent time-mean volume transports of the bound-

ary current near 53�N have been estimated from moored
current meter data, repeat LADCP surveys, and geostrophic
currents referenced to measured velocities (Table 1). The
model-based mean transport of 39.0 Sv is also in good agree-
ment. The model results yield a similar depth for isopycnal
(sθ, in kg m�3) of 27.80, a typical interface for separating
LSW and NSOW. The model-based transport below this
isopycnal is lower than observed (10 Sv versus 14 Sv) and
higher above this isopycnal. Transports of different water
masses above and below 27.80 are sensitive to the density
structure. For example, the model-based isopycnal of 27.88
(between ISOW and DSOW in this area) is significantly shal-
lower than observed. As a consequence, the modeled transport
of DSOW is comparable to observations, even though the
maximum velocity is not well represented. On the other hand,
isopycnal 27.74 between upper (uLSW) and classical LSW
(cLSW) is deeper in the model than observed, which results
in a slightly lower cLSW transport. It should be noted that
the density structure above 27.80 varies among the model
simulations. For example, due to higher salinity, the 27.74
isopycnal from simulation E026 in Xu et al. [2012] is about
300 m deep (too shallow) in the boundary current, leading to
a much stronger transport in cLSW (Table 1).

4.3. Western Boundary Current Near 43�N
[24] Part of the western boundary current observed at the

exit of the Labrador Sea flows eastward through the Charlie–
Gibbs Fracture Zone (see Figure 2). The remainder continues
to flow southward around the Flemish Cap and the Grand
Banks before entering the subtropical North Atlantic. The
transport of the modeled southwestward boundary current
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Figure 10. (a) Observed and (b) modeled time-mean alongshore velocity (in cm s�1) across the mooring
array at the exit of the Labrador Sea near 53�N. Observation results are reproduced from Figure 11 in
Fischer et al. [2004]. Model results are based on simulation E127, averaged over the same time period,
namely August 1997 to July 1999. (c) Comparison of velocity profiles at mooring locations K8 (red),
K9 (green), and K10 (blue). The dashed lines with circles denote annual mean profiles from all the moored
current meter records; thick solid lines are model results.
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across the mooring array near 43�N is shown in Figure 11.
This boundary transport, similar to Figure 7, is defined as the
net flux across an area over which the time-mean velocity is
southwestward. The boundary current at 43�N exhibits no
trend, similar to that at 53�N. The 34 year mean transport is
15.9 Sv, but the transport variability is high. The daily and
monthly mean transports have standard deviations of 11.6
and 9.8 Sv. The interannual and longer time scale variabil-
ities are significantly lower relative to short-term variability
(but higher than at 53�N). The 4 year running mean trans-
ports in Figure 11 clearly show variation on a decadal time
scale, with high transports in the late 1990s and low trans-
ports in the mid-1980s and late 2000s. This result appears
to be in conflict with the “surprisingly stable” boundary
current depicted in Schott et al. [2006]. However, their
measurements (1993–1995 and 1999–2005) did not cover
the time periods of high or low transports. For the four
approximately 2 year periods considered in Schott et al.
[2006], the model results yield mean transports with a
narrow range of values, 14.9, 14.4, 15.2, and 15.0 Sv.
[25] The model-based time-mean boundary current across

the mooring array near 43�N is compared with observations
in Figure 12. The model results, averaged over August
1993–July 1995 and July 1999–May 2001 (the mooring
periods), yield an approximately consistent flow structure

of the southward flowing DWBC and northward flowing
NAC. Similar to observations, the modeled DWBC contains
two high-velocity cores, associated with LSW (500–1500 m)
and DSOW (below 3000 m). While the overall velocity
profile is in general agreement, the modeled flow magnitude
of DSOW is weaker than observed, as highlighted near the
bottom of mooring K104 (3.4 versus 8.7 cm s�1). On the
other hand, the velocity for LSW is stronger in the model
than in the observations, and the total DWBC transport is
comparable between model and observations (see Table 2).
Offshore of the DWBC, the observations yield a strong
northward transport of 140 Sv for the NAC and recircula-
tion. The model mean transport over the mooring periods
is 74.5 Sv (about 60 Sv for 34 year mean). Similar transport
values (46.9 - 71.0 Sv) are found in Table 2 of Bryan et al.
[2007], using the 1/10� Parallel Ocean Program. The large dif-
ference between model and observations is probably due
mainly to the representation of the eddy-driven recirculation
associated with the Mann eddy; see Meinen [2001] for some
insightful discussion. This challenge may be related primarily
to a more general difficulty in simulating the energetic eastern
extension of the Gulf Stream in OGCMs [Hurlburt and
Hogan, 2000, 2008; Hurlburt et al., 2011]. It is noteworthy
that results from simulation E026 yield a stronger NAC, with
a transport of 80 Sv. This simulation, due to a larger contribu-
tion from LSW, also has a slightly higher AMOC transport
(see below).

4.4. AMOC Across the AR19 Section

[26] The model-based, trans-basin AMOC transport across
the hydrographic section AR19 and comparison to the bound-
ary current transport near 53�N are shown in Figure 13. The
AMOC transport is calculated as the net northward transport
above a neutral density gn of maximum overturning based on
a time-mean profile (Figure 14). The model-determined mean
AMOC transport is 16.4 Sv above gn of 27.75 kg m�3, similar
to the mean value 16.2 Sv above gn of 27.81 kg m�3 from five
hydrographic surveys [Lumpkin et al., 2008]. The model-
based mean AMOC transport, similar to the boundary current,
exhibits no systematic trend over the 34 years of model inte-
gration and is dominated by high variability on intraseasonal
and shorter time scales (Figure 13a). The monthly and daily
mean transports have a standard deviation of 3.8 and 6.7 Sv,
respectively. The variability on interannual and longer time
scales is significantly lower, with a standard deviation of 1.7
Sv for the annual mean transports. This value is also much
lower than the 4.7 Sv for the corresponding annual mean trans-
ports of the western boundary current transports just east of the
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Figure 11. Transport of the boundary current across the
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averages, respectively. Colored numbers are standard devia-
tions for the corresponding time averages. The horizontal
black line is the 34 year mean transport (15.9 Sv).

Table 1. Mean Transport of the Western Boundary Current at the Exit of the Labrador Sea Near 53�Na

Water Mass Mooring Geostrophy LADCP E127 E046 E026

Upper layer (< 27.68)
12.0 13.5

�6.3 �4.5 �2.7 �1.5
uLSW (27.68–27.74) �8.9 �15.5 �15.4 �4.4
cLSW (27.74–27.80) �11.4 �11.4 �11.3 �8.8 �11.4 �23.2
ISOW (27.80–27.88) �9.4 �8.4 �10.5 �5.2 �5.2 �6.7
DSOW (≥ 27.88) �4.4 �3.4 �4.8 �5.0 �5.0 �5.1
Full water column �37.2 �36.7 �41.8 �39.0 �39.7 �40.9

aUnits are in Sv, negative southeastward. The transports based on moored current meter array and geostrophy are from Fischer et al. [2004], in which one
transport value is given for water above (sθ) 27.74 kg m�3. The mooring array covers a time period of July 1997–July 1999. Geostrophic results are based
on hydrographic surveys during 1996–2001, with reference velocity from mooring and float data. The LADCP results are based on nine sections during
1996–2009 [Fischer et al., 2010]. The model results are based on a 34 year mean for interannual simulation E127 (years 1978–2011) and a 5 year mean
for climatological simulations E046 and E026 (years 16–20). Results from E026 were discussed in Xu et al. [2012].
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Grand Banks. On a decadal time scale, the mean transport is
high during about 1989–1999 and low during 1999–2010,
with a mean transport difference of 2.9 Sv. This decadal
variation of the AMOC transport is positively correlated to
the boundary transport near 53�N (Figure 13b and section 5).
Comparison of long-term mean results from simulations
E127, E046, and E026 also indicates that experiments with a
higher boundary current transport (Table 1) also have higher
AMOC transport (Figure 14). This result is similar to Böning
et al. [2006] and a majority of coupled climate models; e.g.,
Table 1 in Yoshimori et al. [2010]. However, Zhang [2008],
also based on results of a coupled climate model, suggests that
an increase in the SPNA circulation corresponds to a decrease
in AMOC transport.
[27] It has been suggested in several papers that the DWBC

does not account for all of the lower limb of the AMOC trans-
port and that there exist interior pathways; see Bower et al.
[2009] and Lozier [2010] for recent discussions. It is therefore
of interest to examine the lateral structure of the transport
across AR19. In Figure 15 the time-mean, full-depth transport
accumulated eastward, based on simulations E026, E046, and

E127 as described in section 3, is compared to the inverse
results of Lumpkin et al. [2008]. Results from these simula-
tions show a very similar transport structure, with (1) the
southward DWBC over the continental slope and (2) the
northward flowing NAC and recirculation offshore in
the deepest portion of the Newfoundland Basin (west of
~ 40�W). This transport pattern is approximately consistent
with the inverse results, but with lower transport magnitude
in the model. The model results also yield a similar net south-
ward transport to the east of about 40�W as the inverse results.
However, the southward transports take place primarily in the
eastern basin in the model, whereas within the western basin in
the inverse calculations (Figure 15).
[28] To further examine the details of the AMOC structure

across the AR19 section, the cumulative transport is broken
down into five density (sθ, in kg m�3) layers, representing
the modified North Atlantic Water (< 27.64), uLSW
(27.64–27.74), cLSW (27.74–27.80), ISOW (27.80–27.88),
and DSOW (> 27.88) (Figure 16). Note that the model-
based sθ of maximum overturning, used here for the upper
interface of uLSW, is slightly lighter than the typical value
of 27.68. For the northward limb of the AMOC (Figure 16a),
the transport is mainly in the NAC and its recirculation and the
net transport east of ~ 40�W is close to zero. This result is
expected since the majority of the AR19 section approxi-
mately follows a line of zero wind curl (thus weak Sverdrup
transport). For the two LSW components (Figure 16b), the
DWBC accounts for a southward transport of 5.2 and 2.4
Sv, compared to a net trans-basin transport of 5.0 and 4.1
Sv. In both layers, southward transports are found in the east-
ern basin as well as over the western flank of the Mid-Atlantic
Ridge (MAR). For ISOW and DSOW (Figure 16c), the
DWBC accounts for 2.1 and 4.9 Sv, compared to a trans-basin
transport of 2.8 and 4.5 Sv. Simply speaking, 14.6 out of the
model-based 16.4 Sv mean AMOC transport at this latitude
is carried southward via the DWBC. The rest, along with the
return flow of the NAC, takes interior pathways and flows
southward over theMAR and in the eastern basin. A westward
DWBC is also clearly seen in the model section immediately
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Figure 12. (a) Observation and (b) model-based mean alongshore velocity (in cm s�1) across the
mooring array east of the Grand Banks near 43�N. Observation results are reproduced from Figure 8 in
Schott et al. [2004]. Model results are based on simulation E127, averaged over roughly the same time
periods of August 1993–June 1995 and August 1999–May 2011. (c) Comparison of velocity profiles at
mooring location K104. The colored circles and squares are 2 year mean profiles from observations.
The thick solid line is the model profile.

Table 2. Mean Transport of the Western Boundary Current East of
the Grand Banks Near 43�Na

Water Mass LADCP Mooring E127 E046 E026

Upper layer (< 27.68) �5.2 �0.2 �2.9 �2.2 �1.9
uLSW (27.68–27.74) �2.5 �0.7 �3.3 �4.6 �3.8
cLSW (27.74–27.80) �4.5 �3.3 �2.5 �3.2 �5.5
ISOW (27.80–27.88) �6.9 �4.3 �2.3 �2.0 �2.8
DSOW (≥27.88) �3.6 �4.6 �4.9 �4.7 �5.3
DWBC (≥ 27.68) �17.5 �12.9 �13.0 �14.5 �17.4

aUnits are in Sv, negative southeastward. The mooring results are based
on two arrays that cover a time period of 1993–1995 and 1999–2001 [Schott
et al., 2004]. The LADCP results are based on four sections during 1999 to
2001 [Schott et al., 2006]. The model results are based on a 34 year mean
for interannual simulation E127 (years 1978–2011) and a 5 year mean for
climatological simulations E046 and E026 (years 16–20). Results from
E026 were discussed in Xu et al. [2012].
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west of the Grand Banks (along 50�W, not shown), with a
higher transport due to recirculation. It is also noteworthy that
while the values are slightly different, the results from the
three simulations yield a very similar general picture of
the DWBC carrying most of the AMOC transport.

5. Decadal Variation of the SPNA Transport

[29] It is clear that all of the time series discussed in
section 4, i.e., SSH (Figure 6), temperature (Figures 4a and
5), boundary transports (Figures 7, 8, and 11), and AMOC
transport (Figure 13) exhibit some variations on an approxi-
mately decadal time scale, although masked by shorter term
variability. A natural question would be if or how they
are correlated, especially in the context of the NAO, the
dominant climate variability mode in the North Atlantic
region. This question is addressed here using a simple cross-
correlation analysis.

[30] In Figure 17, the boundary current transport near
53�N is compared to (1) the observed winter time NAO
index, (2) the model SSH in the central Labrador Sea and
temperature across the boundary current at 53�N, and (3)
the model transports of the AMOC across the AR19 line
and the boundary current at 43�N. A 4 year running average
is applied to filter out variabilities of interannual and shorter
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time scales while keeping the record long enough to discuss
decadal variability. In order to compare quantities of different
dimension, each running-averaged time series is normalized
by its range of variation. For a better illustration of the correla-
tion, some time series in Figure 17 are shifted based on the
time lag determined by cross-correlation (Figure 18). Several
points can be made here. First, the boundary transport at
53�N is correlated with the observed NAO with a time lag of
about 2 years (763 days, NAO leading). Note that the correla-
tion coefficient (0.45) is not significant on 95% level given
the low degree of freedom, and a much longer simulation is
required to evaluate the variations on decadal time scales
and their correlations. Zhu and Demirov [2011] found that,
in their 1/4� simulation, the SPNA circulation in the 1980s
and 1990s closely follows the decadal NAO variations with
a delay of about 3 years. On the other hand, Han et al.
[2010] found a zero lag between the hydrographic data-based
boundary transport and the NAO and suggested a fast oceanic
response that is predominately barotropic in nature.
[31] Second, the SSH in the central Labrador Sea and the

temperature and transport in the boundary current at 53�N
are highly correlated with zero lag (Figures 17b and 18,
the coefficient of 0.73 and 0.79 is significant on 98% and
99% level, respectively). This is an important result, sug-
gesting that the SSH in the central Labrador Sea is a good
indication of the SPNA circulation on a decadal time scale.
Measuring the transport or water properties of the boundary
current over a long-term scale is challenging. High quality
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Figure 16. Time-mean meridional transports of different
water masses across the hydrographic section AR19, cumu-
lative eastward. The results are based on a 34 year mean
from simulation E127 (years 1978–2011). The water masses
are defined in potential density sθ ranges (in kg m�3):
modified North Atlantic Water (< 27.64), upper Labrador
Sea Water (27.64–27.74), classical Labrador Sea Water
(27.74–27.80), ISOW (27.80–27.88), and DSOW (≥ 27.88).
Horizontal lines denote the trans-basin net transport for each
density range.
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Figure 17. Normalized variation of the modeled boundary
transport (Q) near 53�N in comparison to (a) the observed
winter time NAO index, (b) the model-based SSH (inverted)
in the central Labrador Sea and average potential temperature
(T, inverted) of the boundary current at 53�N, and (c) the
modeled AMOC transport across the AR19 line and boundary
transport at 43�N. All results are 4 year running averaged.
Horizontal arrows indicate the time lag as determined by
cross-correlation (Figure 18).
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AMOC transport across the AR19 section. Positive time
lag indicates that the second variable is leading the first.
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SSH data from satellite altimeters, with fairly good temporal
resolution (~ 10 days), have been available since the early
1990s. Also, this result suggests that lower resolution models,
having the advantage of very long integration but not resolv-
ing the boundary current, may use SSH as an index for SPNA
transport (one needs to be cautious, however, that the relation-
ship may differ when eddy dynamics are not resolved).
[32] Finally, the results show that the boundary current

transport at 53�N is correlated with the AMOC transport
across the AR19 section with a time lag of about 1 year (382
days, boundary transport leading). The overall correlation
coefficient is 0.60 (significant on 95% level), but a higher
correlation is obvious in the latter 25 years of the time series
(Figure 17c). Generally, the model results suggest that, on a
decadal time scale, there is a positive response of the AMOC
transport to atmospheric conditions that are described by
the NAO with a time lag of about 3 years. The response is
connected via the boundary current in the western SPNA,
specifically in LSW layer (Figure 9). Our model solution is
similar to the results of Biastoch et al. [2008]. The different
model formulations (e.g., vertical coordinate) and configura-
tions (e.g., horizontal resolution and surface forcing) used here
add model robustness and confidence, given the generally
consistent temperature variation as well as time-mean trans-
ports in our model, to the indication of a predominately linear
nature of the AMOC response to atmospheric forcing variabil-
ity on ~ decadal time scales.

6. Summary and Conclusions

[33] The SPNA Ocean is a key region relevant to climate
because of its role in the formation and modification of
LSW and NSOW, which constitute the lower limb of the
AMOC. It has been well documented that the water masses
in this area have undergone substantial long-term changes
over past decades. However, much less is known observa-
tionally about associated changes in transports. In this study,
we have used results from an interannually forced, eddy-
resolving OGCM simulation using HYCOM, in comparison
with key observations, as a starting point toward resolution
of the remaining transport questions for the composite
AMOC in this area.
[34] The model results suggest that the western boundary

current and the trans-basin AMOC in the SPNA both
exhibit no systematic trend over the 34 years of integration
(1978–2011). Long-term variability (interannual and longer)
is present, including a decadal variation of about 3–4 Sv
(Figures 7 and 13) as a lagged response to the NAO (section
5). However, the transports in the SPNA are dominated by
variability on short-time scales (less than a year). The annual
mean AMOC transports across the AR19 section, for example,
have a standard deviation of 1.7 Sv, compared to 3.8 and 6.7
Sv for monthly and daily means. Similarly, for the western
boundary current near 53�N, the annual, monthly, and daily
mean transports exhibit standard deviations of 2.5, 5.0, and
7.9 Sv, respectively. In general, these results are consistent
with current measurements along the western boundary near
53�kN and 43�N [Fischer et al., 2004, 2010; Schott et al.,
2004, 2006]. The currents observed at these two locations
may be best characterized as very energetic at intraseasonal
frequencies, but significantly less variable at low frequencies.
Similar characteristics are found in the AMOC transport

across the subtropical North Atlantic as derived from moored
data [Kanzow et al., 2007; Cunningham et al., 2007; Rayner
et al., 2011] and model results [Xu et al., 2012]. These results
highlight the importance of filtering out comparatively high
frequencies in order to avoid aliasing into the lower frequency
transports of interest [Kanzow et al., 2010].
[35] Key aspects of the model results considered here are

approximately consistent with the observations. The model-
based, long-term mean AMOC transport of 16.4 Sv across
the AR19 section is in close agreement with the 16.2 Sv
derived from inverse calculations [Lumpkin et al., 2008]. A
majority of the southward transport of the lower limb AMOC,
14.6 out of 16.4 Sv, is carried by the DWBC. The remaining,
together with water returned from the northward NAC, flows
southward both over the MAR and through the basin east of
the MAR (Figure 16). The model result demonstrating a
strong DWBC contribution to the overall lower limb of the
AMOC is consistent with distributions of water properties
and tracers [Clarke et al., 1980, Figures 10 and 13; Schott
et al., 2004, Figures 16 and 17].
[36] The model-determined mean transports of the boundary

current at the exit of the Labrador Sea near 53�N (39.0 Sv) and
east of the Grand Banks near 43�N (15.9 Sv) are similar to
the results from moored current meter arrays [Fischer
et al., 2004; Schott et al., 2004]. The model results also yield
a generally consistent temperature variation in the western
SPNA. The cold period during early 1990s and the following
decade-long period of warming closely correspond to a period
of extremely high NAO (1989–1995) and a shift toward
lower, neutral to negative NAO (1996–2011) (Figures 5 and
17). The warming since the early 1990s is also linked to an
SSH increase in the central Labrador Sea and a decrease in
boundary current transport as it exits the Labrador Sea. From
about 1993 to 2000, the modeled boundary current transport
near 53�N decreased about 7 Sv, similar to the 7–10 Sv as
estimated based on geostrophic currents using SSH data
[Häkkinen and Rhines, 2004].
[37] Several improvements are needed for a better under-

standing of the transport variability in this challenging
region. First, by design, the simulations considered here are
basin scale, so influences from outside of the model domain,
e.g., the Arctic Ocean, have been neglected. Second, within
the SPNA area of interest, although the modeled temperature
variation since the early 1990s roughly agrees with observa-
tions, the representation of salinity variation is far more
challenging (Figure 4). Salinity plays an important role in
the wintertime deep convection in the Labrador Sea, which
may impact the AMOC (However, Pickart and Spall [2007]
suggested that the AMOC is not largely impacted by deep
convection in the Labrador Sea based on the small 1 Sv over-
turning across the AR7W section during the years 1990–1997
corresponding to intense convection). Finally, as in other
OGCMs, the vertical profile of the western boundary current
connected to DSOW is not well represented. This impacts
the vertical structure of the AMOC even in the subtropical
North Atlantic [Xu et al., 2012].
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