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ABSTRACT

The mechanisms involved in the variability of Atlantic Meridional Overturning Circulation (AMOC) are studied using
a 2000-yr control simulation of the coupled Fast Ocean–Atmosphere Model (FOAM). This study identifies a coupled mode
between SST and surface heat flux in the North Atlantic at the decadal timescale, as well as a forcing mode of surface heat
flux at the interannual timescale. The coupled mode is regulated by AMOC through meridional heat transport. The increase
in surface heating in the North Atlantic weakens the AMOC approximately 10 yr later, and the weakened AMOC in turn
decreases SST and sea surface salinity. The decreased SST results in an increase in surface heating in the North Atlantic,
thus forming a positive feedback loop. Meanwhile, the weakened AMOC weakens northward heat transport and therefore
lowers subsurface temperature approximately 19 yr later, which prevents the AMOC from weakening. In the forcing mode,
the surface heat flux leads AMOC by approximately 4 yr.
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1. Introduction

The temperature difference between low and high lati-
tudes is regulated by solar heating and poleward heat trans-
port, with the latter being almost equally important withinthe
atmosphere and global oceans at mid-latitudes (Carissimo et
al., 1985). In the Pacific, heat transport is poleward at mid-
latitudes of 30◦S and 30◦N, with magnitudes of 1× 1015–
2×1015 W (Hastenrath, 1982). In contrast, heat transport is
northward at a magnitude of 1×1015 W from the South At-
lantic to the North Atlantic (Hastenrath, 1982; Ganachaud
and Wunsch, 2000). These meridional heat transports are
largely associated with the Atlantic Meridional Overturning
Circulation (AMOC). Therefore, changes in the AMOC can
greatly impact on northward heat transport, which in turn af-
fects European and global climate patterns (Clark et al., 2002;
Pohlmann et al., 2006; Zhang and Delworth, 2007).

AMOC variability is largely controlled by surface heat
flux, freshwater flux, and wind stresses in the Atlantic (Stom-
mel, 1961; Rahmstorf, 1996; Kuhlbrodt et al., 2007; Huang
et al., 2012, and references therein). Many studies based on
observational analyses and ocean general circulation model
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(OGCM) simulations suggest an important role of surface
heat flux in AMOC variability (Eden and Willebrand, 2001;
Häkkinen and Rhines, 2004; Böning et al., 2006; Huang
et al., 2012). These studies found that changes in surface
heat flux are directly driven by the North Atlantic Oscillation
(NAO) (Hurrell, 1995; Hurrell et al., 2003). Further stud-
ies have shown that a higher NAO index can produce more
Labrador Sea Water (LSW) by stronger convection (Bentsen
et al., 2004; Kieke et al., 2007; Bower et al., 2009). In turn,
LSW production can impact upon the strength of the subpo-
lar gyre that is directly associated with AMOC strength (Eden
and Willebrand, 2001; Böning et al., 2006; Balmaseda et al.,
2007; Bower et al., 2009; Huang et al., 2012).

However, the conclusions associated with these studies
are limited by sparse observations in space and time (Cun-
ningham et al., 2007), which complicates studying the mech-
anisms controlling AMOC variability at decadal and longer
timescales. Therefore, simulations with coupled models have
become an important alternative for such studies; but even
with this approach there are limitations, with inconsistencies
found among key conclusions from coupled model simula-
tions. For example, some studies have indicated that the NAO
and its associated surface heat flux and wind stresses are crit-
ical to the changes of AMOC at various timescales (Dong
and Sutton, 2005; Danabasoglu, 2008; Ortega et al., 2011),
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while other studies have suggested that salinity could playa
more important role in AMOC variability (Frankignoul et al.,
2009; Msadek and Frankignoul, 2009; Zhang et al., 2009).

This paper was motivated by our previous study based
on a 30-yr ocean reanalysis from 1979 to 2008 (Huang et
al., 2012). We previously found that changes in AMOC are
directly associated with subsurface temperature anomalies,
which can be traced back further to changes in surface heat
flux. However, it was not clear how AMOC variability is cou-
pled with surface heat flux. Here, we focus on how AMOC
variability interacts with surface forcing using a 2000-yrsim-
ulation of a coupled atmosphere–ocean general circulation
model, as well as whether the conclusions based on ocean
reanalysis are valid in a coupled ocean–atmosphere system.
We begin by briefly describing the model (section 2) and sim-
ulated AMOC variability (section 3). Then, we present how
AMOC is coupled with SST and surface heat flux (section 4)
and subsurface temperature (section 5); how it is forced by
surface heat flux (section 6); and how it is associated with
subsurface temperature, salinity and density (section 7).Fi-
nally, a summary and discussion are provided in section 8.

2. Fast Ocean–Atmosphere Model

We used the Fast Ocean–Atmosphere Model (FOAM)
(Jacob, 1997), which includes a low-resolution atmosphere
model of approximately 7.5◦ × 4◦ in longitude and latitude
of R15 with 18 levels, ocean model of 2.8◦× 1.4◦ in longi-
tude and latitude with 32 levels, and a land surface model of
2.8◦×1.4◦ in longitude and latitude with four layers. The ca-
pabilities of FOAM in simulating climate and climate change
were reviewed by Liu et al. (2003). In particular, the capa-
bilities of FOAM in simulating decadal and multi-decadal
variabilities in the North Pacific and North Atlantic have
been demonstrated in extensive studies by Wu and Liu (2003,
2005).

The atmospheric model is based on Community Climate
Model 3 (CCM3) (Buja and Craig, 2002) of the National
Center for Atmospheric Research (NCAR). The numeri-
cal scheme of the ocean model follows the Modular Ocean
Model (MOM version 1) of the Geophysical Fluid Dynamics
Laboratory (GFDL). The ocean model uses a finite-difference
of A-grid and a free surface in thez-coordinate, and is parallel
in its calculations. The horizontal mixing coefficient is con-
stant, while the vertical mixing is dependent on the Richard-
son number. The land surface model explains five main
vegetation types and is principally the same as CCM3, ex-
cept with the following modifications: a simple bucket model
is replaced by a 15-cm deep bucket model; evaporation is set
to be proportional to the water depth within the bucket; the
prescribed snow coverage is replaced by a simple prognos-
tic scheme; the bucket overflow is taken as river runoff and
routed to a parallel river transport model. The FOAM sea ice
component includes thermodynamics of the NCAR Climate
System Model without sea ice dynamics. The time steps are

0.5 h for the atmospheric, land surface and sea ice models,
and 6 h for the ocean model. The coupler calculates the fluxes
between the atmosphere and oceans in the overlap grids once
every 6 h, which are used by the atmosphere or ocean model
without flux correction. The model was spun up for 1000 yr
with a constant CO2 concentration of 335 ppmv and reached
a quasi-equilibrium state. The model was then run for an ad-
ditional 2000 yr (year 1–2000, hereafter) with the same CO2

concentration, which is used in our analysis. The model out-
puts monthly data that are processed into an annual average.
The annual anomalies are the deviation from the climatology
of year 1–2000.

3. AMOC variability
We used Empirical Orthogonal Functions (EOFs) and

their associated Principle Components (PCs) to quantify the
dominant modes of the spatial and temporal variability of
AMOC, as in other studies (e.g., Bentsen et al., 2004; Huang
et al., 2012). To fairly account for the AMOC variances at
different model levels, the AMOC stream function at a non-
uniform model depth was interpolated to a uniform interval of
100 m. The EOFs of AMOC were then assessed in a domain
of 30◦S and 65◦N in the upper 4000 m. Figure 1a shows the
first EOF (EOF1) of AMOC, which explains 44% of the total
variance with a maximum variability of 3.5 Sv (1 Sv = 106

m3 s−1) near 52◦N and 1750 m depth. The magnitude
of AMOC variability is comparable with the simulation of
Bentsen et al. (2004) and the reanalysis of Huang et al.
(2012), but stronger than the simulation of Medhaug et al.
(2011). The location of the maximum variability is very
close to that of Huang et al. (2012), but approximately 5◦–10◦

northward than those in Bentsen et al. (2004) and Medhaug
et al. (2011), which may indicate that the location of deep
convection is relatively more northward in FOAM.

The temporal variability of simulated AMOC EOF1 was
quantified by the first Principal Component (PC1) (Fig. 1b).
The spectrum analysis shows that the PC1 of AMOC ex-
hibits a wide range of dominant periods at 15–35, 40, 50
and 60 yr (Fig. 1c), as were reported in previous studies
(20–80 yr) (Dong and Sutton, 2005; Danabasoglu, 2008;
Medhaug et al., 2011). The temporal variability of AMOC
can also be quantified by the maximum AMOC near 55◦N,
which is highly (0.79) correlated with AMOC PC1 (Fig.
1b). The maximum AMOC is defined as the maximum
streamfunction in the vertical direction where the climato-
logical AMOC reaches a maximum near 55◦N. Note that
the cross correlation coefficient is considered to be signif-
icant at the 95% level if it is larger than 0.25 (0.16), as-
suming an independent sampling number larger than 62
(145). The sampling number was estimated using a cut-
off auto correlation coefficient of 0.1 (0.3) in the AMOC
time series of 2000 yr after a 7-yr running average (von
Storch and Zwiers, 2001). EOFs, PCs and correlation coef-
ficients were calculated using data of year 1–2000, although
time series of PCs were mostly plotted for year 1–1000.
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Fig. 1. (a) EOF1 of AMOC stream function with contour in-
terval of 0.5 Sv; (b) PC1 of AMOC (right axis) and maximum
AMOC anomaly (left axis; Sv); (c) spectrum density and its
95% confidence level of AMOC PC1 as a function of period.
The EOF1 contains 44% of total variance in (a). A 7-yr running
mean is applied in (b).

4. AMOC coupled with SST and surface heat
flux

To assess the relationship between AMOC and surface
forcing, we start with linear regressions of SST, sea surface
salinity (SSS) and surface density to AMOC. The analysis
shows that, for a given one Sv increase in AMOC, SST in-
creases by 0.06◦C in the northeastern North Atlantic and
between 25◦N and 45◦N, and decreases by 0.02◦C in the
Labrador Sea (Fig. 2a), which is consistent with Delworth
et al. (1993) but slightly different from Timmermann et al.
(1998). SSS increases by 0.03 psu in the northern North
Atlantic (Fig. 2b). Therefore, density increases by 0.015
kg m−3 in the northern North Atlantic north of 50◦N (Fig.
2c), which is dominated by increased salinity, shown in Fig.
2b. The density change associated with salinity may indi-
cate a very important role of salinity in AMOC variability
(Danabasoglu, 2008; Frankignoul et al., 2009; Msadek and
Frankignoul, 2009) and will be discussed further in section5.

To help understand the interactions between AMOC
and atmospheric forcing, we analyzed the EOF1s and their

Fig. 2. Linear regressions of (a) SST; (b) SSS; and (c) density
to AMOC. Contour intervals are 0.02◦C, 0.01 psu, and 0.005
kg m−3 per Sv in (a), (b) and (c), respectively.

associated PC1s of SST and surface heat flux within a do-
main of 20◦–70◦N and 0–80◦W, which explain close to 30%
of the total variance. The surface heat flux is defined as pos-
itive when the ocean absorbs heat. Our analysis shows that,
when AMOC increases, the SST increases by 0.8◦C in the
northeastern North Atlantic, which stretches southeastward
to the subtropical western North Atlantic (Fig. 3a). Figure
3d shows the PC1s of SST and AMOC filtered by a 10-yr
running mean. Their correlation coefficient is 0.48 with a 0-
yr lag, which suggests that the increase in SST is associated
with northward heat transport by AMOC.

Similar to the spatial pattern of SST, the surface heat flux
increases by 10 W m−2 in the northeastern North Atlantic
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Fig. 3. EOF1s of (a) SST; (b) surface heat flux (positive values indicate heating of the ocean); and (c)
SSS. Panels (d)–(f) show the low-pass (> 10 yr) filtered PC1s in (a)–(c), respectively. EOF1 explains
30%, 31% and 50% of the total variance in (a), (b) and (c), respectively. Contour intervals are 0.2◦C, 5
W m−2 and 0.2 psu in (a), (b) and (c), respectively.

and stretches southeastward (Fig. 3b). Further analysis in-
dicates that the PC1 of surface heat flux is negatively cor-
related (−0.41) with the PC1 of SST and surface heat flux
leads SST by approximately 10 yr. Furthermore, the PC1 of
surface heat flux is also negatively correlated (−0.42) with
the PC1 of AMOC and surface heat flux leads AMOC by 10
yr (Fig.3e). These results indicate that the changes in surface
heat flux are forced by SST. The changes in SST are likely
driven by meridional heat transport associated with AMOC
variability at decadal and longer timescales, and the AMOC
variability is coupled with SST and surface heat flux. These
aspects will be discussed further in section 5.

Analyses suggest that the negative correlation between
the PC1s of surface heat flux and AMOC at decadal
and longer timescales results from the integrated heating
(1.5×1013 W) over the North Atlantic between 20◦N and
70◦N (Fig. 3b), since the heat added to the surface water is
advected to the downwelling region of the AMOC at decadal
and longer timescales (Huang et al., 2003; Bugnion et al.,
2006). For example, an integrated heating to the North At-
lantic slows down the AMOC so that the northward heat
transport and SST decrease in the North Atlantic. The de-
crease in SST may further increase the heating to the ocean
due to reduced latent and sensible heat fluxes and thus form
a positive feedback loop, as indicated schematically in Fig. 4
(black arrows).

However, it should be noted that the anomaly of surface

heat flux is strong in the Labrador Sea and surrounding re-
gions (Fig. 3b) where the SST anomaly is very weak. The
reason for a weak SST anomaly may be that the mean mixed
layer depth (MLD) is deep (close to 2500 m in winter; not
shown in the figure) in the Labrador Sea and surrounding re-
gions. Therefore, the surface heat flux can effectively pen-
etrate into the deeper ocean by convection and/or the down-
welling branch of mean AMOC such that SST is not greatly
affected by surface heat flux (Huang et al., 2003). In con-
trast, the mean MLD is much shallower in the northeastern
North Atlantic, which enhances the variability of SST by the
surface heat flux.

5. AMOC coupled with subsurface tempera-
ture

However, the changes in AMOC are regulated by sub-
surface temperature. For example, a weakened AMOC de-
creases the subsurface temperature via weaker northward
heat transport. The decrease in subsurface temperature acts
as a negative feedback to prevent the AMOC from weaken-
ing further by enhancing the density in the higher latitudes
(Fig 4; blue arrows). The change of subsurface temperature
is demonstrated by the second EOF (EOF2) of the basin-
averaged subsurface temperature (Fig. 5a), which explains
12% of the total variance within 20◦–70◦N and 0–4000 m.
The EOF1 of subsurface temperature appears to be forced
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Fig. 4. Schematic diagram depicting the coupled mode of the
ocean and atmosphere associated with AMOC variability. The
loops of Q–AMOC–SST–Q (black) and S–AMOC–VS–S (red)
represent positive feedback. The loop AMOC–VT–T–AMOC
(blue) represents negative feedback. The numbers represent the
correlation coefficients and phase leads. For example, the corre-
lation coefficient between Q and AMOC is−0.42, and Q leads
AMOC by 10 yr.

directly by surface heat flux, which will be discussed in sec-
tion 6. Figure 5a shows temperature anomalies from 0.1◦C
to 0.3◦C in the upper North Atlantic above 1000 m, and
from−0.1◦C to−0.3◦C in the lower North Atlantic between
1000 and 2500 m. Further analysis shows that these subsur-
face temperature anomalies are associated with changes in
AMOC. The second PC (PC2) of the subsurface temperature
is correlated (0.23) with the PC1 of AMOC with a near 0-yr
lag (Fig. 5b), which represents an instantaneous response of
subsurface temperature to an increased AMOC. However, as
the upper ocean temperature increases, the density decreases,
meaning the increased AMOC is eventually suppressed after
19 yr, which represents a delayed response of surface temper-
ature and works as a negative feedback to AMOC variability
(Fig. 4; blue arrows). The lagged (19 yr) correlation coeffi-
cient is−0.26.

An evaluation of northward heat transport (not shown),
defined as the product of meridional current and temperature
(VT) in the North Atlantic, confirms that AMOC is correlated
(0.86; 0-yr lag) with meridional heat transport (Fig. 4), which
is further correlated (0.25; 0-yr lag) with basin-averagedtem-
perature. Therefore, the relationships of AMOC with surface
heat flux, SST, and subsurface temperature at decadal and

Fig. 5. (a) EOF2 of temperature and (b) PC2 of temperature
along with the PC1 of AMOC. Contour interval is 0.1◦C in (a).
The EOF2 explains 12% of the total variance. A 7-yr running
mean is applied in (b).

longer timescales represents a coupled mode of the ocean and
atmosphere.

It is important to note that the role of salinity is also crit-
ical in AMOC variability. For example, as the AMOC slows
down, northward salt transport weakens, and therefore SSS
decreases in the northeastern North Atlantic (Figs. 3c and 2b;
note that positive SSS in the figures is relative to a strength-
ened AMOC). The lower SSS further weakens the AMOC
and therefore intensifies the positive feedback loop at decadal
and longer timescales (Fig. 4; red arrows). This is indicated
by a positive (0.51) correlation between SSS and AMOC with
a lag of SSS by approximately 8 yr (Fig. 3f). The analysis
shows that the PC2 of subsurface salinity lags the PC1 of
AMOC by approximately 20 yr with a correlation coefficient
of 0.39, although the EOF2 of subsurface salinity appears to
be shallow (not shown). The northward salt transport (VS),
which is defined as the production of meridional current and
salinity (VS) in the latitude–depth plane, leads salinity vari-
ability by 18 yr with a correlation coefficient of 0.32, and is
well correlated (0.86) with AMOC at a 0-yr lag. Therefore,
we believe that the salinity variabilities near the surfaceare
driven by AMOC, which will be discussed in section 6.



246 AMOC VARIABILITY IN COUPLED MODEL VOLUME 31

Fig. 6. EOF2s of (a) surface heat flux and (b) thermal density flux; andPC2 of (c) surface heat flux and
(d) thermal density flux. The EOF2 contains 15% and 14% of the total variance in (a) and (b), respec-
tively. The contour interval is 2 W m−2 and 0.1×10−7 kg m−2 s−1 in (a) and (b), respectively. Positive
values in (a) and (b) indicate a heating and densifying of theocean, respectively. A 7-yr running mean
is applied in (c) and (d).

6. AMOC forced by surface heat flux

In addition to the coupled mode of surface heat flux,
Figs. 6a and b show the EOF2s of surface heat and asso-
ciated thermal density fluxes (Schmitt et al., 1989; Shin et
al., 2003) within a domain of 20◦–70◦N and 0◦–80◦W. The
EOF2s explain approximately 14% of the total variance of
surface heat and thermal density fluxes. It is clear that the
EOF2 patterns of surface heat and thermal density fluxes are
largely consistent. For example, a cooling of 6 W m−2 north
of 45◦N corresponds with an increased thermal density flux
of 0.2× 10−7 kg m−2 s−1; and a warming of 4 W m−2 in
the western North Atlantic between 30◦N and 45◦N corre-
sponds with a decreased thermal density flux of 0.3× 10−7

kg m−2 s−1. An important feature of Fig. 6 is that maximum
correlation coefficients are found between the PC1 of AMOC
and the PC2 of heat flux (0.60; Fig. 6c), and also between the
PC1 of AMOC and PC2 of thermal density flux (0.44; Fig.
6d). The PC2s of surface heat flux and associated thermal
density flux lead the PC1 of AMOC by approximately 4 and
2 yr, respectively, as indicated in other studies (3–6 yr) (Med-
haug et al., 2011; Ortega et al., 2011; Huang et al., 2012).
Therefore, we argue that the EOF2s of surface heat flux and
associated thermal density flux are a forcing mode of the at-
mosphere to AMOC variability at the interannual timescale,
as displayed schematically in Fig. 7.

In contrast to the strong impact of surface heat flux on
AMOC, the impact from surface freshwater flux (precipita-

Fig. 7. Schematic diagram depicting the forcing mode of the
surface heat flux associated with AMOC variability. Decreased
surface heat flux (−Q) in the higher latitudes enhances density
(ρ) and therefore its meridional gradient, which in turn strength-
ens the AMOC. The numbers represent correlation coefficients
and phase leads (yr).

tion, river runoff, sea-ice melting, and evaporation;P+ R+
M−E) is much weaker. The thermal density flux due to sur-
face heat flux (Fig. 8a) is much larger than the haline den-
sity flux due to surface freshwater flux (Fig. 8b). Therefore,
AMOC variability is dominated by the surface heat flux of
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Fig. 8. Linear regressions of (a) thermal density flux; (b) haline density flux; (c) wind stresses; (d) Ek-
man pumping; (e) barotropic streamfunction; and (f) wintertime MLD to AMOC PC1. Contour units
are 10−7 Kg m−2 s−1 in (a) and (b), dyn cm−2 in (c), 10−5 cm s−1 in (d), Sv in (e) and m in (f) for 1Sv
increase in AMOC.

the forcing mode, as suggested in other studies (Eden and
Willebrand, 2001; Häkkinen and Rhines, 2004; Böning et al.,
2006; Ortega et al., 2011; Medhaug et al., 2011; Huang et al.,
2012).

Surface wind stresses (Fig. 8c) may play an important
role in AMOC variability. Corresponding to a 1 Sv increase
in AMOC, a strong (0.02 dyn cm−2) northwesterly is found
over the Labrador Sea, as well as a westerly over the central
North Atlantic and a southeasterly over the eastern North At-
lantic between 45◦N and 65◦N. These cyclonic wind stresses
form the Ekman upwelling (0.4× 10−5 cm s−1) between
45◦N and 65◦N and downwelling (−0.2×10−5 cm s−1) be-
tween 30◦N and 45◦N (Fig. 8d). The downwelling south of
45◦N tends to enhance the AMOC (Dong and Sutton, 2005;
Köhl, 2005; Huang et al., 2012), while the upwelling north of

45◦N tends to suppress the AMOC from strengthening.
Associated with surface Ekman pumping, both subpolar

and subtropical gyres enhance by 0.6 Sv (Fig. 8e). The re-
lationship between AMOC and subpolar gyre is also sug-
gested in ocean reanalysis (Balmaseda et al., 2007; Huang
et al., 2012). According to the study by Böning et al. (2006),
the strengthening of the subpolar gyre is associated with a
stronger transport of the Deep Labrador Current (DLC), and
therefore a stronger AMOC. The study by Kieke et al. (2007)
further suggested that DLC production is associated with
convection activities and deep water formation.

To evaluate the role of convection activity in AMOC vari-
ability, we calculated the maximum linear regression of MLD
of boreal winter (January–March) to AMOC variability (Fig.
8f). The MLD is quantified by a monthly temperature dif-
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Fig. 9. EOF1s of (a) density; (b) temperature; and (c) salinity; as well as the PC1 of (d) density; (e)
temperature; and (f) salinity, along with the PC1 of AMOC. The EOF1 explains 43%, 32% and 57% of
the total variance in (a), (b) and (c), respectively. Contour units are kg m−3,◦C and psu in (a), (b) and
(c), respectively. A 7-yr running mean is applied in (d)–(f).

ference of 0.3◦C between the surface and the bottom of the
mixed layer. It is found that MLD increases at approximately
20 m per 1-Sv increase in AMOC within a narrow latitudinal
belt near 55◦N, which leads AMOC by approximately 2 yr.
Other studies, however, have indicated that MLD changes are
confined to within the Labrador and Irminger Seas and lead
AMOC by approximately 3–4 yr (Timmermann et al., 1998;
Dong and Sutton, 2005; Huang et al., 2012).

7. AMOC forced by subsurface temperature,
salinity and density

The subsurface temperature, salinity and density vary
when they are forced by surface heat and freshwater fluxes,

which is demonstrated by their EOF1s and associated PC1s
within a domain of 20◦–70◦N and 0–4000 m in Fig. 9. The
EOF1s explain 32%–57% of the total variance. Our analysis
suggests a close relationship of AMOC with density, temper-
ature and salinity. For example, the density increases by 0.1–
0.3 kg m−3 north of 45◦N above 1500 m (Fig. 9a), which can
directly result in an increase in AMOC. The density increase
is largely attributed to the 0.2◦C–0.8◦C cooling in tempera-
ture north of 45◦N between 250 m and 1500 m (Fig. 9b), and
partly attributed to the 0.3-psu increase in salinity northof
45◦N above 500 m (Fig. 9c). The comparisons show that the
PC1 of AMOC lags (by 3–4 yr) and is correlated (approxi-
mately 0.4) with the PC1s of density, temperature and salin-
ity. Therefore, we argue that these EOF1s represent the vari-
ability of density, temperature and salinity associated with the
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forcing mode of the surface heat flux, and contribute directly
to AMOC variability.

Clearly, the density anomaly associated with AMOC vari-
ability can be largely attributed to the salinity anomaly north
of 45◦N above 500 m. However, the salinity anomaly as-
sociated with AMOC variability may not be directly forced
by surface freshwater flux. The reason is that the salinity
anomaly contributing to the density anomaly is not forced
by anomalous surface freshwater flux associated with AMOC
variability (Fig. 8b). Comparisons indicate that the patterns
of the EOF1s of density and temperature north of 45◦N are
very similar to those in ocean reanalysis (Huang et al., 2012).
The difference is that the anomalies of density and tempera-
ture south of 45◦N are very weak in this analysis, while they
are of the same magnitude, but with opposite signs to those
north of 45◦N in the ocean reanalysis. The PC1s of density
and temperature lead the PC1 of AMOC by 3–4 yr in this
analysis, while they lead by 1–2 yr in the ocean reanalysis.
The simulation reported by Msadek and Frankignoul (2009)
also indicated a 4-yr leading of density to AMOC variability.

It should be noted that the ocean temperature anomaly
near the surface (100 m) is not negative in the higher latitudes
(Fig. 9b), as it should intuitively be attributed to surfacecool-
ing. The reason for this weak positive temperature anomaly
may be associated with an increase in salinity near the sur-
face (Fig. 9c), which triggers the convection and warms the
near-surface water by relatively warmer subsurface water.It
should also be noted that the phase relationships among the
surface forcing, subsurface temperature and density, as well
as AMOC, are not perfect. For example, the PC2 of surface
heat flux (Fig. 6d) and PC1 of subsurface temperature (Fig.
9e) lead the PC1 of AMOC by approximately 4 yr. The PC2s
of surface thermal density flux (Fig. 6d) and subsurface den-
sity (Fig. 9d) lead the PC1 of AMOC by 2–3 yr. These differ-
ences may indicate a complicated nature of AMOC variabil-
ity. However, further analysis indicates that the PC2s of sur-
face heat and thermal density fluxes lead the PC1s of subsur-
face temperature and density by 1–2 yr. Therefore, it is clear
that there exists a forcing mode of surface heat flux driving
the variability of subsurface temperature, meridional gradient
of density, and AMOC.

8. Summary and discussion

The mechanisms of AMOC variability were studied us-
ing a 2000-yr coupled simulation of FOAM. It was found
that AMOC variability is associated with a coupled mode be-
tween surface heat flux and SST, and is also associated with
a forcing mode of surface heat flux.

The coupled mode of surface heat flux and SST interacts
with AMOC at decadal timescales. Surface heat flux leads
AMOC and SST by approximately 10 yr. It is suggested
that the positive feedback induced by the coupling among
AMOC, SST and surface heat flux is regulated by the north-
ward heat transport as a negative feedback to AMOC vari-
ability. These conclusions are consistent with a recent study

by An et al. (2013).
The surface heat flux of the forcing mode leads AMOC

by approximately 4 yr. The surface heat flux forcing directly
impacts upon deep water formation, and therefore the merid-
ional gradient of subsurface density and temperature across
50◦N. The changes in density are largely attributed to the
temperature change associated with anomalous surface heat
flux in the North Atlantic. These conclusions are consistent
with our previous study using 30-yr ocean reanalysis (Huang
et al., 2012).

Additional analysis indicated that the changes in surface
heat flux are largely associated with latent heat flux attributed
to changes in wind speed, which is consistent with the studies
of Häkkinen and Rhines (2004) and Huang et al. (2012). Fur-
thermore, our study suggests that wind stresses may impact
upon AMOC variability by direct surface Ekman pumping.
The changes in wind stresses and speed are associated with
the NAO, as indicated in earlier studies (Dong and Sutton,
2005; Danabasoglu, 2008; Ortega et al., 2011). The dynamic
effect of wind in the subtropical gyre south of 45◦N may be
opposite to that in the subpolar gyre north of 45◦N. There-
fore, further study is required to assess their combined effect
in both subtropical and subpolar gyres.

Near-surface salinity appears to be associated with merid-
ional salt transport by AMOC variability, rather than with
surface freshwater flux. However, we did not identify a clear
pattern of subsurface salinity coupled with AMOC at decadal
timescales, although we did identify a clear pattern of subsur-
face salinity associated with the atmospheric forcing mode
at interannual timescales. However, studies by Frankignoul
et al. (2009), Msadek and Frankignoul (2009) and Zhang et
al. (2009) indicated that freshwater and its associated salin-
ity changes play a critical role in AMOC variability. Fur-
ther studies using different coupled models with higher reso-
lutions are expected to clarify the role of salinity in AMOC
variability and to validate whether our conclusions are model-
dependent. In particular, sensitivity tests need to be carried
out to verify the forcing mode and coupled mode associated
with AMOC variability.

The simulations of FOAM indicate that AMOC variabil-
ities may be associated with variabilities of Atlantic Multi-
decadal Oscillation (AMO). Our analysis indicates that AMO
is well described by the EOF2 of SST (not shown), with a
correlation coefficient of 0.60 between AMO and the PC2
of SST. Furthermore, AMOC and AMO are correlated with a
correlation coefficient of 0.37, and AMOC leads AMO by ap-
proximately 4 yr. The leading phase of AMOC to AMO sug-
gests that AMOC forces AMO variabilities. This is different
from a simultaneous correlation between AMO and AMOC
in a coupled model simulation reported by Zhang (2008).

The reason for the relationship between AMOC and
AMO (NAO) can be seen from their overlapped periods of
dominant variabilities. Spectrum analysis showed that sim-
ulated AMO exhibits a major variability near 63 yr, which
is close to the observed analysis of 60–70 yr (Knight et al.,
2006) and one of the AMOC variabilities near 60 yr (Fig.
1b). Likewise, simulated NAO exhibits major variabilities
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similar to the observed analysis at decadal timescales of 24
yr (Mann and Park, 1994; Hurrell and van Loon, 1997; Cook
et al., 1998), which are within AMOC variabilities of 15–35
yr (Fig. 1c). These features suggest a linkage between AMO
(NAO) and AMOC variabilities.

Finally, it is important to highlight that the mean AMOC
(near 35 Sv) near 55◦N in FOAM is strong if it is com-
pared with other coupled models [from 14 to 32 Sv; Weaver
et al. (2012)]. The strong AMOC in FOAM may result
from coarse model resolutions and/or stronger local convec-
tions extending from the Labrador Sea to the interior north-
ern North Atlantic (Fig. 8f), while observations indicate that
the convections are confined mostly to within Labrador Sea.
The stronger convection may be associated with the sim-
ple parameterization of vertical mixing—most state-of-the-
art models use Gent and McWilliams (1990) isopycal mix-
ing. In the lower latitudes south of 45◦N, the AMOC strength
(near 15 Sv) and structure are comparable with observations
(Cunningham et al., 2007) and modern data assimilation sys-
tems (Tony Lee, personal communication).
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