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Abstract Results from two 1/12° eddy-resolving simulations, together with data-based transport esti-
mates at 26.5°N and 41°N, are used to investigate the temporal variability of the Atlantic meridional over-
turning circulation (AMOC) during 2004-2012. There is a good agreement between the model and the
observation for all components of the AMOC at 26.5°N, whereas the agreement at 41°N is primarily due to
the Ekman transport. We found that (1) both observations and model results exhibit higher AMOC variability
on seasonal and shorter time scales than on interannual and longer time scales; (2) on intraseasonal and
interannual time scales, the AMOC variability is often coherent over a wide latitudinal range, but lacks an
overall consistent coherent pattern over the entire North Atlantic; and (3) on seasonal time scales, the
AMOC variability exhibits two distinct coherent regimes north and south of 20°N, due to different wind
stress variability in the tropics and subtropics. The high AMOC variability south of 20°N in the tropical Atlan-
tic comes primarily from the Ekman transport of the near-surface water, and is modulated to some extent
by the transport of the Antarctic Intermediate water below the thermocline. These results highlight the
importance of the surface wind in driving the AMOC variability.

1. Introduction

The Atlantic meridional overturning circulation (AMOC hereafter) consists of a net northward flow of warm,
saline water in approximately the upper 1 km overlying a net southward flow of cold, fresh water [see Long-
worth and Bryden, 2007; Richardson, 2008, for historical review]. Because of its large heat and freshwater
transports, and interaction with the atmosphere, the AMOC plays a fundamental role in establishing the
mean state and the variability of the climate system. The heat carried in the warm Atlantic water of the
upper AMOC limb is known to warm the Northern Hemisphere, and western Europe in particular [Rhines

et al., 2008]. It may also have triggered the recent rapid melting of the Arctic sea ice [Serreze et al., 2007] and
Greenland glaciers [Holland et al., 2008; Straneo et al., 2010]. On a broader scale, fluctuations of the AMOC
are often linked to the Atlantic multidecadal oscillation [Knight et al., 2005; Delworth et al., 20071, the domi-
nant pattern of multidecadal variability in North Atlantic surface temperatures. Because of these profound
climate impacts, there is a growing need to quantify, monitor, and understand the spatial structure and
temporal variation of the AMOC [Kuhlbrodt et al., 2007; Lozier, 2010, 2012; Srokosz et al., 2012].

Until the establishment of moored instrument arrays and other observation techniques in the past decade,
the AMOC and the associated heat transport were typically inferred from transbasin hydrographic section
along one latitude, combined with direct measurements of the western boundary currents [Bryden and Hall,
1980; Hall and Bryden, 1982], or from sections at multiple latitudes in an inverse calculation [Roemmich,
1980; Roemmich and Wunsch, 1985; Ganachaud and Wunsch, 2000; Lumpkin and Speer, 2003]. Repeat hydro-
graphic surveys were then used to derive time averages and/or temporal variability at 26°N [Bryden et al.,
2005], near 48°N [Koltermann et al., 1999; Lorbacher and Koltermann, 2000; Lumpkin et al., 2008], from Cape
Farewell to Portugal [Lherminier et al., 2010], and at 60°N [Sarafanov et al., 2012]. These studies provide aver-
aged estimates of the AMOC transport ranging from 16 to 18.5 Sv, in agreement with the long-term mean
formation rate of North Atlantic Deep Water (NADW) as calculated from chlorofluorocarbon inventories,
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e.g., 17.2 = 5.1 Sv in Smethie and Fine [2001] and 19.6 * 3.4 Sv in LeBel et al. [2008]. Because of the sparse
temporal resolution, the hydrographic data-based studies are not able to provide a consistent picture of the
spatial and temporal variability of the AMOC.

The current state-of-the-art approach to measuring the AMOC is to continuously observe the currents and
hydrographic fields with a long-term, moored instruments array. Starting in 2004, the joint U.K.-U.S. Rapid
Climate Change-MOC program (RAPID, hereafter) have instrumented a complete transbasin section along
26.5°N. Daily mean AMOC transport and the associated vertical structure have been derived from the RAPID
data [e.g., Cunningham et al., 2007; Kanzow et al., 2007, 2010; Johns et al., 2008, 2011; Rayner et al., 2011].
The RAPID results show that the AMOC transport is not as steady as previously thought, but rather has a
high variability on intraseasonal to seasonal time scales. Some variability on interannual and longer time
scales is also observed [McCarthy et al., 2012; Smeed et al., 2014].

In addition to the RAPID array, there are two other significant monitoring efforts that also provide time
series of the AMOC transport:

1. At 41°N, the monthly AMOC transports are inferred using a combination of Argo floats and sea-surface
height (SSH) data from satellite altimeters [Willis and Fu, 2008; Willis, 2010; Hobbs and Willis, 2012].

2. At 16°N in the tropical North Atlantic, the Meridional OVerturning Experiment (MOVE) array measures
the southward flow of NADW within the western basin between the Lesser Antilles Arc and the Mid-
Atlantic Ridge [Kanzow et al., 2006, 2008; Send et al., 2011]. The AMOC transport is inferred by assum-
ing that, on interannual and longer time scales, all the southward NADW transport happens in the
western basin at this latitude and there is no meridional NADW transport to the east of the MOVE
array.

The question as to whether the AMOC variability is coherent across different latitudes has not yet been fully
addressed [Srokosz et al., 2012]. Mielke et al. [2013] analyzed the seasonal variability observed at 26.5°N and
41°N and compared them to the results from a 1/10° global simulation of von Storch et al. [2012]. Their anal-
ysis shows that the observed AMOC variability is meridionally covariable between 26.5°N and 41°N on sea-
sonal time scales. They found the same covariability in the model, although the phasing differed from the
observations. On longer (decadal) time scales, model studies by Boning et al. [2006], Bingham et al. [2007],
and Zhang [2010] show mixed results regarding the latitudinal coherence from the subpolar to the subtrop-
ical North Atlantic, but they all exhibit a consistent coherence from the subtropical to the tropical North
Atlantic.

In this paper, we further investigate the intraseasonal, seasonal, and interannual variability of the AMOC in
the North Atlantic using 1/12° eddy-resolving numerical simulations. After a careful evaluation of the model
results in representing the data-based AMOC variability, the latitudinal coherence from the tropical to the
subpolar North Atlantic and the structure of the seasonal AMOC variability in the tropical Atlantic are exam-
ined. We find that

a. both observations and model results exhibit higher AMOC variability on seasonal and shorter time scales
than on interannual and longer time scales;

b. on seasonal time scales, the AMOC variability exhibits two distinct coherent regimes north and south of
20°N, the boundary between the North Atlantic subtropical and tropical gyres; and

c. on intraseasonal and interannual time scales, the AMOC variability is often coherent over a wide latitudi-
nal range, but lacks an overall consistent coherent pattern.

The paper is organized as follows. The observations and model configuration are briefly summarized in sec-
tion 2. In section 3 we document the AMOC variability in our model via comparison with observations at
26.5°N and 41°N. In section 4 we examine the latitudinal coherence of the AMOC variability on intraseaso-
nal, seasonal, and interannual scales. The vertical structure of the seasonal variability in the tropical North
Atlantic is also investigated. A summary and discussion follow in section 5.

2. Observations and Model Configuration

The key observations used in this study are the AMOC transport time series at 26.5°N based on the RAPID
data and at 41°N based on Argo and SSH data. The MOVE data at 16°N are not part of this study since they
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provide information primarily on long time scales (interannual and longer), which are not the main focus
here.

The transbasin AMOC transport at 26.5°N is calculated as the sum of the Florida Current, the Ekman trans-
port, and the mid-ocean transport. The Florida Current is measured by cable [e.g., Meinen et al., 2010]. The
Ekman transport is estimated from the surface wind fields based on the cross-calibrated multiplatform prod-
uct (CCMP) [Atlas et al., 2011] and the European Center for Medium-range Weather Forecast (ECMWF) rean-
alysis ERA-interim [Dee et al., 2011] when the CCMP is not available. The mid-ocean transport is estimated
from the moored instruments array at 26.5°N that measures (1) the velocity of the boundary current within
~ 50 km off the Abaco coast, and (2) dynamic height at both sides of the boundary and both sides of the
mid-Atlantic Ridge to infer the transbasin geostrophic transport. An additional constraint of zero net mass
transport across the section is used to determine the level-of-no-motion in geostrophic calculations, and to
isolate the AMOC from net transport through the Bering Strait [Bryden and Imawaki, 2001]. Combining all
these components leads to a time series of zonally integrated meridional transport profile, or, when cumu-
lated vertically, the overturning transport streamfunction; see Cunningham et al. [2007] and Kanzow et al.
[2007] for details. The latest time series and mean vertical profile of the overturning streamfunction are
shown in Figures 1a and 1b.

Different data and a different approach are used to estimate the AMOC transport at 41°N. Here the displace-
ment of the Argo floats provides an estimate of reference velocity at 1000 m, whereas the Argo floats ascend-
ing from 2000 m to the surface measure temperature and salinity profiles. The two are combined to produce
geostrophic velocity in the upper 2000 m and high-resolution SSH data from altimeters are used to reduce
error induced by mesoscale eddies. Integration of the geostrophic velocity from the surface to the zero merid-
ional velocity (1130 m) together with the Ekman transport from surface wind stress gives the AMOC transport.
Willis [2010] estimated a mean AMOC transport of 15.5 Sv for 2004-2006, with an uncertainty of about 2 Sv.
For the latest time series used in this paper that cover 2002-2012, the mean transport for the same 3 years is
14.5 Sv. The 1 Sv difference is due to the use of different wind products (ERA-interim instead of NCEP/NCAR
reanalysis) in estimating the Ekman transport and of a smaller latitudinal interval in estimating the geostrophic
current (0.5° instead of 1.5°) (J. Willis and W. Hobbs, personal communication, 2013).

Results from two eddy-resolving numerical simulations using the HYbrid Coordinate Ocean Model (HYCOM)
[Bleck, 2002; Chassignet et al., 2003, 2006] are discussed in this paper. Both simulations (one configured for
the North and Equatorial Atlantic, the other global) have a horizontal resolution of 1/12°. Both were initial-
ized using potential temperature and salinity from ocean climatology, the Generalized Digital Environmen-
tal Model (GDEM) [Carnes, 2009], and were spun-up from rest using climatological atmospheric forcing from
the ECMWF reanalysis ERA40 [Uppala et al., 2005]. After spin-up (10 years for the global model and 15 years
for the Atlantic), the 3 hourly, 0.5° Navy Operational Global Atmospheric Prediction System (NOGAPS) [Ros-
mond et al., 2002] was used to force the global simulation from 2003 to 2012 and the Atlantic simulation
from 2004 to 2012.

As a subset of the global model, the North and Equatorial Atlantic model domain extends meridionally from
28°S to the Fram Strait at 80°N. No inflow or outflow is prescribed at the northern and southern boundaries.
Within a buffer zone of about 3° from the northern and southern boundaries, the 3-D model temperature, salin-
ity, and depth of isopycnal interface are restored to the monthly GDEM with an e-folding time of 5-60 days
that increases with distance from the boundary. Vertically, the Atlantic simulation has the conventional 32
layers whereas the global model has 41 layers (both in a5). The additional nine layers in the global configuration
are all near the surface to better resolve the seasonal thermocline in the western Pacific Ocean. On one hand,
the Atlantic simulation exhibits an improved vertical structure of the AMOC because of a finer vertical resolution
in the deep Atlantic Ocean by using different reference densities near the bottom [Xu et al., 2012]. On the other
hand, the global simulation shows improved water property (salinity in particular) in the upper layers of the
Labrador Sea because it is coupled to the Community Ice CodE (CICE) of Hunke and Lipscomb [2008], instead of
the simple energy loan sea ice parameterization [Semtner, 1976] used in the Atlantic simulation.

3. Observed and Modeled AMOC Transport at 26.5°N and 41°N

In this section, we examine the observed and modeled AMOC at 26.5°N and 41°N in both the global and
Atlantic simulations. With few limitations on spatial coverage and/or temporal resolution, model results can
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Figure 1. Streamfunction (Sv) of the Atlantic meridional overturning circulation at 26.5°N: (a, b) the RAPID observations; (c, d) the Atlantic
HYCOM; and (e, f) the global HYCOM. Figures 1a, 1c, and 1e show the time series; Figures 1b, 1d, and 1f show the time-mean vertical pro-
file from April 2004 to October 2012. The mean RAPID profile (black line) is overlaid on the HYCOM results. The overturning depth D,,
1050 m in RAPID and 1000 m in both models, is determined as the depth of maximum overturning on the mean profile.

help place observations into a larger context of ocean circulation [e.g., Xu et al., 2010, 2012, 2013]. In order
to do so, however, it is critical that the model adequately represents the basic features of the observed
AMOC, including its time-mean structure and temporal variability. Using the 1/12° North and Equatorial
Atlantic configuration, Xu et al. [2012] showed that the time-mean structure of the AMOC and associated
western boundary currents were consistent with the observations at 26.5°N. The temporal variability was
however not discussed in Xu et al. [2012], nor was the AMOC transport at 41°N.

3.1.26.5°N

Figures 1c-1e, f show the modeled time evolution and time average of the vertical structure of the over-
turning streamfunction across 26.5°N, in comparison to the RAPID observations (Figures 1a and 1b). From
April 2004 to October 2012, the model and the observations exhibit a similar maximum overturning depth
(Do): 1050 m in the RAPID observations and 1000 m in both numerical simulations. The time mean AMOC
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transport, defined as the streamfunction at Dy, is also similar: 17.5 Sv in the RAPID observations and the
Atlantic simulation, and 17.0 Sv in the global simulation. Note that only the global simulation accounts for a
~ 1 Sv southward net transport (Figure 1f) representing the flow from the Pacific to the Atlantic through
the Bering Strait. In both simulations, the vertical transport structure of the northward limb (in the upper

1 km) is very close to the observations, whereas the southward limb is shallower by ~ 400 m in the Atlantic
model and ~ 600 m in the global model. The discrepancy is most likely related to the model representation
of both the southward Denmark Strait overflow water and the northward Antarctic bottom water.

Time series of the observed and modeled daily mean AMOC transports are compared in Figure 2. The
model transports are low-passed with a fourth order, 10 day Butterworth filter as for the observations. Over
the observational period (April 2004 to October 2012), both modeled AMOC transports have a standard
deviation of 5.0 Sv, compared to 4.6 Sv in the RAPID observations. The modeled AMOC transport is well cor-
related with the RAPID observations, with a correlation coefficient R of ~ 0.70 between the Atlantic/global
model and the RAPID results (significant at 99.95% level). The correlation between the two modeled time
series is high (R=0.84), implying that most of the model AMOC variability at 26.5°N is not influenced by
dynamics outside of the Atlantic model domain.

3.1.1. AMOC Components

The observed AMOC transport is calculated as the sum of the Florida Current, the Ekman, and the mid-
ocean transports (see section 2). The model’s ability to represent these individual components is examined
in Figures 3 and 4. The Florida Current in both the Atlantic and global simulations has a mean transport that
is ~ 2 Sv lower than in observations, but it has a similar standard deviation (Figures 3a and 4a). Both mod-
eled Florida Current transports are in good agreement with the observations (R=0.49 and 0.42, respectively,
significant at 99.95% level).

The modeled Ekman velocity cannot be isolated from the wind and thermohaline-driven velocity. The
model Ekman transport is therefore estimated from the zonal wind stress that was used to force the simula-
tions, as for the RAPID measurements. In essence, we are comparing the wind stresses used in RAPID and in
the model simulations. The comparison in Figures 3b shows that the two wind stresses (see section 2 for
details) are very similar at 26.5°N (R = 0.95, with slightly lower mean and higher standard deviation values
for the modeled Ekman transport).

The modeled mid-ocean transport is calculated by integrating the meridional velocity fields across the basin
from Abaco to the western Africa coast and removing the Ekman transport estimated from the wind stress.
In the RAPID observations, it is estimated as the combination of a) directly measured transports of the west-
ern boundary current over the Bahamas escarpment [Johns et al., 2008], and b) geostrophic transports
across the rest of the basin based on moored dynamic height data. Figures 3c and 4c show that the correla-
tion of mid-ocean transport between the Atlantic/global model and the RAPID observations is of the same
order as of the Florida Current (R=0.39 and 0.47, respectively, significant at 99% level).

The combination of the Florida Current and the mid-ocean transports, sometimes also termed as the AMOC
minus Ekman transport, is the AMOC transport contribution that is derived from oceanic observations
(Ekman transport is from atmospheric wind field observations) and accounts for most of the mean AMOC
transport at 26.5°N. The correlation between the model results and the observations is of the same order as
of the individual components (R=0.45 and 0.48, respectively, significant at 99.5% level; see Figures 3d and
4d).

Overall, both the Atlantic and global models simulate well the observed AMOC variability at 26.5°N. Variabil-
ity of the individual components used to derive the observed AMOC transports is also well represented in
both simulations. The global model shows a slightly better agreement with the observed mid-ocean and
AMOC minus Ekman transports. This is probably due to a finer vertical resolution near the surface in the
global configuration, leading to an improved Ekman transport (closer to that estimated from the wind
stress). The reason for a slightly better representation of the Florida Current variability in the Atlantic model
is unclear.

3.1.2. Time Scale Decomposition
The transports discussed in Figures 2-4 contain variability over a wide range of time scales. In order to
investigate if these variabilities are similarly represented in the models, we decompose the transport signals
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Figure 2. Time series of the AMOC transport at 26.5°N, defined as the streamfunction at maximum overturning depth D,, (Figure 1): (a) the
RAPID observations (black), (b) Atlantic HYCOM (red), and (c) global HYCOM (blue). The colored numbers are the mean = standard devia-
tion values for transports from April 2004 to October 2012. The bracketed numbers are correlation coefficient (R) between the model and
the RAPID time series. The R between two models is 0.84.
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Figure 3. Transport variations of the AMOC components at 26.5°N: (a) the Florida Current (FC), (b) the Ekman transport, (c) the mid-ocean
transport from Abaco Island, Bahamas to Africa, and (d) the combination of FC and mid-ocean transports (sometimes termed the AMOC
minus Ekman transport). Black and red lines are results based on the RAPID observations and the Atlantic simulation, respectively. The col-
ored numbers denote the mean = standard deviation values. The bracketed numbers are the correlation coefficient between observations

and model time series.
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Figure 4. The same as in Figure 3 except that the model results (blue) are based on the global simulations.

with the ensemble empirical mode decomposition (EEMD) developed by Huang and Wu [2008] and Wu and
Huang [2009]. The EEMD extracts the amplitude-frequency modulated oscillatory components (termed the
intrinsic mode functions, or IMFs), successively from the highest to the lowest frequencies, without using a
priori determined basis function. The number of IMFs is the integer of the binary logarithm of the time
series length N (log, N). The frequency and amplitude of each IMF are determined adaptively from the local
characteristics of the time series and vary as a function of time. This is the advantage of EEMD over other
methods in analyzing nonlinear and nonstationary signals.

The IMFs of the observed and the modeled AMOC and Florida Current transports are displayed in Figure 5. The
typical period ranges from about 10 to 20 days for the second and third IMFs (note that the first IMF is close to
zero because the signals have been low-pass filtered), from about 1 month to 6 months for the fourth to sixth
IMFs, and from 1 year to several years for the 7th to 10th IMFs. The last (11th) IMF in Figure 5 represents the
trend. The first 10 IMFs are combined in three components to further illustrate the variability on (a) high-
frequency, (b) intraseasonal, and (c) seasonal and interannual time scales, respectively (see Figure 6 for detail).

Figures 5 and 6 show that the modeled AMOC transports in both the Atlantic and global simulations have a
high variability on intraseasonal and shorter time scales, in good agreement with observations. The correlation
coefficient R between the observed and modeled AMOC transports is about 0.7 for the high-frequency vari-
ability (Figure 6a) and 0.6 for the intraseasonal variability (Figure 6b), both significant at 99.95% level. The
high-frequency variability in the Florida Current is well represented in both models (R of about 0.6, significant
at 99.95% level). The intraseasonal variability is represented slightly better in the Atlantic (R of 0.50, significant
at 99.95% level) than in the global (R of 0.36, significant at 99.5% level) simulation. Given that one usually
associates the high-frequency and intraseasonal variability to random mesoscale events and eddies [Frajka-
Williams et al., 2013], it is somewhat surprising that the numerical models are able to simulate these short
term variability of the AMOC and the Florida Current transports without data assimilation. The results suggest
that these variabilities are primarily surface forced and that the wind may play a significant role.

The observed AMOC transports also exhibit a high variability on seasonal and some variability on interan-
nual time scales, including a double dip of transport in the 2009/2010 [McCarthy et al., 2012] and 2010/2011
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Figure 5. Transports of the AMOC and the Florida Current decomposed into 11 intrinsic mode functions (IMFs) of different time scales using the EEMD method by Huang and Wu [2008]
and Wu and Huang, [2009]. The black, red, and blue lines are results from the RAPID observations, the Atlantic HYCOM, and the global HYCOM, respectively. For each IMF the colored
numbers are the correlation coefficient R between the model and the RAPID time series.

winters. This seasonal and interannual variability is also well represented in the Atlantic and global simula-
tions (R=0.86 and 0.75, respectively, significant at 99.95% level). For the Florida Current, the seasonal and
interannual variability is relatively low in both the observations and models. A better correlation between
the observed and modeled time series is found in the global simulation (R=0.46, significant at 95% level)
than in the Atlantic simulation (R=0.26, insignificant at 95% level).
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Figure 6. Similar to the Figure 5 but the intrinsic mode functions (IMFs) are summed to illustrate the variability on three general time scales: a) high frequency (IMFs 1-3, period of 3
weeks or shorter); (b) intraseasonal (IMFs 4-6, period of 1-6 months); and (c) seasonal and interannual (IMFs 7-10).

The last IMF in Figure 5 represents the long-term trend of the variability. For the RAPID period from April
2004 to October 2012, the observed AMOC and the Florida Current transports decreased 3.2 and 3.1 Sy,
respectively. These long-term decreases are represented in the global simulation, with a decrease of 2.8 Sv
for the AMOC and 3.1 Sv for the Florida Current. They are not as well represented in the Atlantic model
since the AMOC transport increases slightly (0.9 Sv) while the Florida Current transport decreases (2.1 Sv)
between 2004 and 2012. A more consistent result in the global simulation implies that the long-term vari-
ability may be influenced by dynamics outside the Atlantic model domain.

Although a decrease of about 3 Sv in the AMOC transport over eight and a half years is significant for a
mean value of about 17 Sy, it is important to note that the length of time series is too short to determine if
the decrease is part of a decadal/interdecadal variability or a long-term trend. The Florida Current transport
also decreased about 3 Sv over the RAPID observation period, but applying the same decomposition
method to its full time series yields a decreasing “trend” of 1 Sv from 1982 to 2012, which is really small
when compared to the mean transport of about 32 Sv and is within the measurement uncertainty.
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Figure 7. Variations of the monthly mean AMOC transport at (a) 41°N and (b) 26.5°N. The black, red, and blue lines are results based on
the observations, the Atlantic model, and the global model, respectively. The colored numbers are the mean = standard deviation values
for the transports from April 2004 to April 2012. The bracketed numbers are correlation coefficient R between the modeled and observed
time series. The R between two models is 0.83 at 26°N and 0.86 at 41°N.

3.2.41°N

The observed and modeled monthly mean AMOC transports at 41°N are shown in Figure 7a. A 3 month
running average is applied for the model time series to match the observational results [Willis, 2010]. The
magnitude of the global model mean transport at 41°N is close to the observations, whereas the Atlantic
model has a higher mean transport. The standard deviation of the transports is about 2.5 Sv in both simula-
tions, compared to 3.1 Sv in observations. Both modeled time series correlate with the observations at zero
lag (R=0.60 and 0.56, respectively, significant at 99.5% level). The highest correlation between models and
observations is found when the model time series are lagged by 1 month (R=0.65 for both models, signifi-
cant at 99.95% level). The two model time series are highly correlated with each other (R=0.86 with no time
lag, significant at 99.95% level).

As for the observations, we can separate the modeled AMOC transport into contributions due to Ekman
and geostrophy. As at 26.5°N, the wind stresses used in observations and in the models to compute the
Ekman transport at 41°N are very similar and correlate highly with each other (R=0.99 for the monthly
mean time series in Figure 8a). Contrary to 26.5°N, we do not find any correlation between the observed
and modeled non-Ekman transport time series (Figure 8b). The Ekman transport variability at 41°N is of the
same magnitude as of the geostrophic transport variability and is responsible for the ~ 0.6 correlation
between the observed and modeled AMOC variability (Figure 7a). Some correlation (at 95% level) is found
between the modeled and observed geostrophic transports at 41°N when the model time series are shifted
by about 6 months. Mielke et al. [2013] found a similar 6 month phase shift in the seasonal variation of the
geostrophic transports between the observations and the global simulation of von Storch et al. [2012]. This
lack of agreement between models and observations suggests that either the models do not adequately
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Figure 8. Variations of (a) Ekman and (b) Geostrophic (AMOC-Ekman) transports at 41°N. The black, red, and blue lines are results based
on the observations, the Atlantic model, and the global model, respectively. The colored numbers are the mean = standard deviation val-
ues. The Ekman transport is identical for two models.

represent the ocean dynamics at 41°N and/or the Argo floats are not able to sample adequately the AMOC
variability.

In Figure 9a, the observed and modeled AMOC transport time series at 41°N are decomposed into 6 IMF
components of different time scales using the same EEMD method used for 26.5°N. The first IMF exhibit
some intraseasonal variability, but it is not well resolved since a 3 month running average was applied to
the time series. The second IMF is the seasonal variability, which is dominant in both the observed and
modeled time series. The highest correlation between the modeled and observed seasonal variability is
found with a time lag of T month in the Atlantic model (0.84) and 2 months in the global model (0.71). The
interannual variability (third to fifth IMFs) at 41°N is generally weaker than the seasonal variability. The third
IMF is better represented in the global simulation than in the Atlantic simulation; the fourth IMF is repre-
sented to some extent in both simulations; and the fifth IMF is not represented in either simulations. In con-
trast to 26.5°N, neither the observations nor the model results at 41°N exhibits a trend from 2004 to 2012
(sixth IMF in Figure 9a).

3.3. Comparison of the AMOC Time Series at 26.5°N and 41°N

In this subsection, we compare the observed and modeled 3 month running averaged AMOC
transport time series at 26.5°N and 41°N (Figures 7 and 9). Both the observations and models
show a lower mean AMOC transport at 41°N than at 26.5°N. The standard deviation of the AMOC
transports is similar between two latitudes, even though the values are lower in models than in
observations.

The correlation between the
observed AMOC transport time

Table 1. Correlation Coefficient of the AMOC Transports Between 41°N and series at 26.5°N and 41°N is highest
26.5°N in Observations as Well as in Numerical Simulations® when the 41°N time series lead by 3
AMOC Transport Total Second IMF Third IMF Fourth IMF months (R=0.67, significant at
Observations 0.67 [3] 0.66 [3] 0.72 3] 0.65 [4] 99.95% level, Table 1). Separating
Atlantic model 0.52 [0] 0.60 [0] 0.29[—2] 0.49 [4] the AMOC transport into Ekman and
Global model 0.40 [0] 0.66 [0] 0.39 [0] 0.28 [10]

non-Ekman contributions, however,
*The bracketed numbers the time lag in month (positive for 41°N leading). gives a lower correlation for each
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Figure 9. The monthly mean AMOC transports at (a) 41°N and (b) 26.5°N decomposed into 6 intrinsic mode functions (IMFs) using the
EEMD method. The black, red, and blue lines are results from the observations, the Atlantic model, and the global model, respectively. For
each IMF, the colored numbers are the zero-lagged correlation coefficient between the modeled and observed time series.

contribution. The highest correlation between the Ekman transport time series at these two latitudes is 0.34
(with 41°N leading by 2 months), whereas the highest correlation between the two non-Ekman transport
time series is 0.46 (with 41°N leading by 4 months). This means that neither the Ekman nor non-Ekman
component dominates the correlation between the variability at these two latitudes. The correlation
between the modeled AMOC transport time series at two latitudes is lower than observed, with the highest
correlation (R=0.52 and 0.40, respectively, significant at 97.5%) with no time lag.

In both the observations and the models, the variability is primarily on a seasonal time scale (second IMF in
Figure 9), which is correlated in both observation and models (Table 1). On interannual time scales, the
observations also exhibit a good correlation between these two latitudes (significant at 95% level) whereas
the model results generally show insignificant correlation at 95% level.
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Figure 10. Time mean AMOC transport based on (red) depth and (blue) density coordi- AMOC,. The AMOC is also often
nate as a function of latitude. Red circle and square are results based on RAPID and Argo computed using density coordi-

data at 26.5°N and 41°N; blue circles and square are results based on repeat hydro-

graphic data near 48°N [Lumpkin et al., 2008] and 60°N [Sarafanov et al., 2012]. nates (AMOC“)’ espeaally in the

subpolar North Atlantic [e.g.,
Lumpkin et al,, 2008; Lherminier et al., 2010; Sarafanov et al., 2012]. The AMOC, is representative of water mass
transformation across isopycnals whereas the AMOG, is representative of vertical motion across fixed depths.
The two definitions are pretty much equivalent as long as the isopycnals are relatively flat across the basin
near the maximum overturning depth, which is the case in the tropical and subtropical regions (Figure 10).
They however differ in the subpolar region where isopycnals slant upward across the basin from west to east.
The AMOCG, is smaller since a significant part of the northward transport in the east cancels the southward
transport of the same depth in the west. This is not case for AMOC, since these transports in the east and
west have a large contrast in temperature/salinity (density) characteristics. Zhang [2010] showed that the
meridional coherence of AMOC, and AMOC,, differs significantly on decadal time scales.

4.2. Meridional Coherence of the AMOC Transports on Various Time Scales

To examine the meridional coherence on different time scales, we calculate the modeled daily mean AMOC
transports both in zand ¢ at every degree between 15°S and 70°N. The time series at each latitude is then
decomposed into 11 IMF components with the EEMD. As shown in Figures 11-13, the patterns of the
AMOC, and AMOC,, variability are overall quite similar, with the largest difference north of 40°N.

4.2.1. Intraseasonal Variability (Sixth IMF)
One cannot identify an overall consistent coherent pattern for intraseasonal variability (Figure 11), but on
several instances, the variability is coherent over a large latitudinal range (up to 40°).

4.2.2. Seasonal Variability (Seventh IMF)

The seasonal variability shows two distinct coherent regimes (Figure 12): One north of 20°N, where the sub-
polar North Atlantic variability has the tendency to lead that of the subtropics; the other one is south of
20°N, with a much higher variability and opposite phase.

4.2.3. Interannual Variability (Ninth IMF)

An overall consistent coherent pattern cannot be identified for the interannual variability (Figure 13). How-
ever, as for the intraseasonal variability, the variability is often coherent over a large latitudinal range. The
variability is weaker when compared to the variability on shorter time scales (Figures 11 and 12).

Since the AMOC is often separated into Ekman and geostrophic transports, it is interesting to examine the
meridional coherence pattern of the individual components. Figures 12 and 14 show the seasonal variability
of the AMOG, transport with and without the Ekman contribution, respectively. In the absence of the Ekman
transport, the variability is significantly lower and the distinction between regimes north and south of 20°N
disappears. This implies that the wind pattern are responsible for the lack of the coherence between the
tropical and subtropical regions.

4.3. Vertical Structure of the High Variability in the Tropical Atlantic
One of the most striking feature in Figure 12 is the high seasonal variability of the AMOC transport south of
20°N in the tropical Atlantic. There is little knowledge about the AMOC variability in this region from
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Figure 11. Intraseasonal variability of the AMOC transports as a function of latitude and time, based on the sixth IMF of the decomposed
AMOC transport time series at each latitude. (top) AMOC, and (bottom) AMOCa. Results from the Atlantic simulation (2004-2012).

observations. Figure 15 shows the 2004-2012 monthly mean volume transports across 10°N as a function
of density. The AMOC consists of four water masses:

1. The near-surface water (o, <32.60) contributes a mean northward transport of 9.7 Sv with large variabili-
ty: high in winter (17.5 Sv) and low in summer (—2 Sv). The transport fluctuations are driven by the
Ekman transport variability (circles in Figure 14b).

2. The thermocline water (32.60 < g, <35.15) contributes a small mean northward transport of 1.6 Sv with
small transport variability.

3. The Antarctic intermediate water (AAIW, 36.15 < g, <36.52) contributes a mean northward transport of
5.5 Sv with a large variability: high in summer (9.6 Sv) and low in spring (1.7 Sv).

4. The North Atlantic Deep Water (NADW, o, > 36.52) forms the core of the southward component of the
AMOC.
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Figure 12. Seasonal variability of the AMOC transports as a function of latitude and time, based on the seventh IMF of the decomposed
AMOC transport time series at each latitude. Results on (top) z and (bottom) g, respectively. Results from the Atlantic simulation (2004-2012).

The high AMOC transport variability south of 20°N comes primarily from the Ekman transport variability of
the near-surface water, and is modulated to some extent by the variability of the AAIW. The near-surface
water transport also accounts for most of the heat transport mean and variability at 10°N. In addition to the
high Ekman transport variability, the equatorial region also features fast propagating Rossby waves, which
have a strong signature in the modeled AMOC and contribute to its high the high intraseasonal variability.

5. Summary and Discussion

Because of its large heat and freshwater transports and interaction with the atmosphere, the AMOC plays a
fundamental role in establishing the mean state and the variability of Earth’s climate. It is therefore impor-
tant to understand the driving mechanisms behind the variability of the AMOC transport. In this study, we

XU ET AL.

©2014. American Geophysical Union. All Rights Reserved. 5154



@AGU Journal of Geophysical Research: Oceans 10.1002/2014JC009994

70 1 1 1 1 1 1 1 1 5
60 > e T 4
50 o - °
D 12
40_> e —— ———— = =
i _ _——— = —— 11
— — = — ——
0 SL T Tt
201 — <3 @ z I
10_& O gé E = T B
—_— P ———— <
] —_— S—— N -3
°F = - - = - 1.
_.1() . L
-5

2004 2005 2006 2007 2008 2009 2010 2011 2012
70 1 1 1 1 1 1 1 1 5

J=E T gaEl
50 - >
& li
307 5 % b 1o
20{ - OO SR
- > R G B,

10
[ <
— | -3
0P === T =~ -
-4
_.1 () . . L
-5

2004 2005 2006 2007 2008 2009 2010 2011 2012

Figure 13. Interannual variability of the AMOC transports as a function of latitude and time, based on the ninth IMF of the decomposed
AMOC transport time series at each latitude. Results on (top) z and (bottom) g, respectively. Results from the Atlantic simulation (2004-
2012).

used two 1/12° eddy-resolving HYCOM simulations together with observations at 26.5°N and 41°N to inves-
tigate the AMOC variability from intraseasonal to interannual time scales.

The model results are in very good agreement with the RAPID observations at 26.5°N. This is true not only
for the total AMOC transports, but also for its components (the Florida Current, the mid-ocean, and Ekman
transports). Both the models (global and Atlantic) simulate well the observed AMOC variability on intrasea-
sonal, seasonal, and interannual time scales, but only the global model simulates the observed long-term
decrease in the AMOC and the Florida Current transports (~ 3 Sv over 2004-2012), suggesting that long
time scale variability may be influenced by the dynamics outside the Atlantic model domain.
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Figure 14. Similar as in Figure 12 for AMOC, but with the Ekman contribution (estimated from wind stress) removed.
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Figure 15. Monthly mean volume transports in Sv across 10°N from the 1/12° Atlantic simulation in 2004-2012. (a) The distribution as a
function of time and density; (b) the transports of the three water masses (colored dash lines) in the top AMOC limb and their sum (black
solid line). The transports of the bottom AMOC limb (g, > 36.52) are the same as the black line but southward. Circles in Figure 15b denote
the Ekman transport determined from model wind stress field.
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At 41°N, however, the agreement between the model results and the observations is mostly due to the
Ekman transports. The geostrophic transport is approximately 6 months out of phase. This result is similar to
that of Mielke et al. [2013] who also found a 6 month phase shift in the seasonal variability of the geostrophic
transport between the observations and the global simulation of von Storch et al. [2012]. Idealized two-layer
model simulations show a similar discrepancy between the observed and modeled geostrophic transports (J.
Zhao and J. Yang, personal communication, 2014). This lack of agreement between models and observations
may suggest that the models do not adequately represent the ocean dynamics at 41°N, and consequently
that the model-determined meridional coherence may be incorrect in high latitudes. It may also suggest that
the Argo floats are not able to sample adequately the AMOC variability. It is a challenge latitude to accurately
estimate the meridional transport since it is along the mean axis of the energetic Gulf Stream in which the
eddy variability is among the highest of the world ocean.

The AMOC variability is overall very similar between the global and Atlantic simulations, which is not too
surprising given that the same atmospheric forcing is used in both models. This also shows the dynamics
outside the Atlantic model domain play a minimum role. Wind variability turns out to be the primary source
for the AMOC variability, as suggested in Roberts et al. [2013] for interannual variability. The observed sea-
sonal and interannual variability of the geostrophic transport at 26.5°N can be explained, using idealized
two-layer model simulations, by the wind-driven subtropical gyre variability [Zhao and Johns, 2014a,
2014b]. In addition, the Ekman transport itself directly contributes to the AMOC variability: One example is
the abnormally low AMOC transport in the 2009/2010 winter caused by the very low North Atlantic Oscilla-
tion [Xu et al., 2012; Hakkinen and Rhines, 2013].

The model results show that both observations and model results exhibit higher AMOC variability on seasonal
and shorter time scales than on interannual and longer time scales. On intraseasonal and interannual time
scales, the AMOC variability is often coherent over a wide latitudinal range, but no overall consistent coherent
pattern between the Equator and 70°N can be identified on any of these time scales. The modeled interan-
nual variability show similar pattern south of about 30°N (Figure 13), which is consistent with the recent study
of Kelly et al. [2014], except that their coherence pattern extends further north, as in Elipot et al. [2014]. It
should be noted that the time series (model and observation) are too short to draw definite conclusions on
interannual and longer time scales variability. On seasonal time scales, the model AMOC variability exhibits
two distinct coherent regimes north and south of 20°N. This is mostly contributed from the Ekman transport
variability. In the tropical Atlantic, the high variability comes primarily from the near-surface water (Ekman),
but is modulated to some extent by the transport of Antarctic Intermediate Water below the thermocline.
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