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Abstract Variations in the Atlantic meridional over-

turning circulation (AMOC) between 1979 and 2008 are

documented using the operational ocean analysis, the

Global Ocean Data Assimilation System (GODAS), at

the National Centers for Climate Prediction (NCEP). The

maximum AMOC at 40�N is about 16 Sv in average with

peak-to-peak variability of 3–4 Sv. The AMOC variations

are dominated by an upward trend from 1980 to 1995, and

a downward trend from 1995 to 2008. The maximum

AMOC at 26.5�N is slightly weaker than hydrographic

estimates and observations from mooring array. The

dominant variability of the AMOC in 20�–65�N (the first

EOF, 51% variance) is highly correlated with that in the

subsurface temperature (the first EOF, 33% variance), and

therefore, with density (the first EOF, 25% variance) in the

North Atlantic, and is consistent with the observational

estimates based on the World Ocean Database 2005. The

dominant variabilities of AMOC and subsurface tempera-

ture are also analyzed in the context of possible links with

the net surface heat flux, deep convection, western

boundary current, and subpolar gyre. Variation in the net

surface heat flux is further linked to the North Atlantic

Oscillation (NAO) index which is found to lead AMOC

variations by about 5 years. Our results indicate that

AMOC variations can be documented based on an ocean

analysis system such as GODAS.
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1 Introduction

The Atlantic Meridional Overturning Circulation (AMOC)

is composed of a net northward flow of warm water in the

upper approximately 1 km of the ocean and a net southward

flow of cold water in the deeper ocean. The AMOC carries

up to 25% of the northward global atmosphere–ocean heat

transport in the northern hemisphere (Wunsch 2005).

Monitoring and understanding the AMOC variations are of

importance under several contexts. For example, under the

purview of the Intergovernmental Panel on Climate Change

(IPCC) 5th assessment efforts, plans are underway for ini-

tializing climate models to improve their decadal predic-

tions of climate variability (Meehl et al. 2009) with the

underlying assumption that the skills for climate prediction

can be enhanced by a suitable initialization in the ocean and

atmosphere (Smith et al. 2007; Keenlyside et al. 2008;

Pohlmann et al. 2009). Understanding AMOC variation is

also of importance for quantifying and assessing the

potential for abrupt climate change that may result from

the warming and freshening related to the sea-ice melting in

the North Atlantic (Kuhlbrodt et al. 2007; and references

therein). Finally, manifestation of AMOC variability in sea

surface temperatures (SSTs; Knight et al. 2005), although

not well agreed upon, could also have impacts on the global

terrestrial climate (Held et al. 2005).
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AMOC variations have been estimated based on sparse

in situ observations. Bryden et al. (2005) estimated the

AMOC intensity at 25�N from five hydrographic sections

between 1957 and 2004, and found a slowing AMOC of

6 Sv during the period. However, such low-frequency

variability in the AMOC is likely aliased by intra-annual

variability (Kanzow et al. 2010). The problem is being

addressed by the continuous monitoring of the AMOC at

26.5�N that began in April 2004 with the installation of a

trans-Atlantic mooring array. Using the data from the

mooring array between April 2004 and March 2005,

Cunningham et al. (2007) demonstrated a large seasonal

variability of the AMOC with a standard deviation of

5.6 Sv upon a mean of 18.7 Sv.

AMOC variations can also be reconstructed using ocean

data assimilation systems. The ocean synthesis from the

‘‘Estimating the Circulation and Climate of the Ocean

(ECCO)’’ project suggests that the AMOC slowed down

from 1993 to 2004, at the rate of 0.19 Sv per year (Wunsch

and Heimbach 2006). The reconstruction of the AMOC for

the period 1959–2006 from the European Centre for

Medium-Ranged Weather Forecast (ECMWF) operational

analysis (Balmaseda et al. 2007) agrees well with previous

observed estimations and suggests a downward trend from

1995 to 2006. The ocean synthesis from German contri-

bution to the Estimating the Circulation and Climate of the

Ocean Project (GECCO) suggests a steady increase of the

AMOC, by approximately 4 Sv, from the 1960s to the mid-

1990s, followed by a short period of decline (Köhl and

Stammer 2007). Häkkinen and Rhines (2004) attributed

this reduction of the AMOC after 1995 to the weakening of

the subpolar gyre, characterized by a decrease in sea sur-

face height observed from satellite altimetry. Böning et al.

(2006) further suggested that the changes in the subpolar

gyre are highly correlated with the deep western boundary

current off Labrador, which is then connected to the vari-

ations of the AMOC in the subtropical North Atlantic. The

analysis also indicated that the decadal variability of the

subpolar gyre and AMOC near 48�N is largely driven by

changes in both heat flux and wind stress associated with

the North Atlantic Oscillation (NAO) (Böning et al. 2006;

Eden and Willebrand 2001).

Despite some agreements found among the AMOC

estimations in the ocean synthesis products discussed

above, it is hard to quantify uncertainties in the AMOC

estimates due to the sparse observed data. To address this

issue a continuous monitoring of the AMOC variations

using different ocean synthesis products may be a feasible

alternative, although an assessment of AMOC variability in

the ocean analysis systems is first required to build confi-

dence in such products. In the present analysis the AMOC

variability is documented based on the Global Ocean Data

Assimilation System (GODAS) operational at the National

Centers for Environmental Prediction (NCEP; Behringer

and Xue 2004).

We will first briefly describe the GODAS and the

analysis procedure in Sect. 2, followed by description of

the AMOC variability of the GODAS and comparison with

observations in Sect. 3. We will discuss how the AMOC

variations in the GODAS are associated with variations in

temperature and salinity, as well as the density (Sect. 4).

Variations of the AMOC are further associated with

changes in buoyancy fluxes, deep convection, western

boundary currents, and subpolar gyre in Sect. 5. Section 6

is the summary and discussions.

2 GODAS outputs and analysis procedures

The ocean model in GODAS is based on the Geophysical

Fluid Dynamics Laboratory (GFDL) Modular Ocean Model

(MOM) version 3 in a quasi-global (75�S–65�N) configu-

ration (no sea-ice variability is included). The zonal reso-

lution is 1�. The meridional resolution is 1/3� between 10�S

and 10�N, gradually increasing through the tropics to 1�
poleward of 30�S and 30�N. There are 40 layers in the

vertical with 27 layers in the upper 400 m of the ocean, and

the maximum depth is approximately 4.5 km. The vertical

resolution is 10 m from the surface to 240 m depth, grad-

ually increasing to about 511 m in the bottom layer. The

GODAS is forced with the NCEP/Department of Energy

(DOE) atmospheric reanalysis fluxes (Reanalysis 2 hereaf-

ter, Kanamitsu et al. 2002). GODAS uses the 3-dimensional

variational (3D-VAR) (Behringer et al. 1998; Behringer

2007) scheme to assimilate temperature profiles from

expendable bathythermographs (XBTs), Tropical Atmo-

sphere Ocean (TAO) and Triangle Trans Ocean Buoy

Network (TRITON), Pilot Research Moored Array

(PIRATA), and Argo profiling floats. Only the temperature

data in the top 750 m are assimilated into the GODAS. Due

to the lack of direct salinity observations, synthetic salinity

profiles constructed from temperature and a local T-S cli-

matological relationship are also assimilated. More detailed

descriptions of the data assimilation procedure can be found

in Behringer and Xue (2004) and Huang et al. (2008). Since

GODAS is an operational system, it is potentially useful in

monitoring and assessing the AMOC variations in real time.

To assess the impacts of observed salinity on the AMOC

simulation, we also analyze an additional simulation

(referred to as GODAS_SAL) that assimilates observed

salinity in addition to observed temperature during the

Argo period from 2001 to 2006. The model-simulated

AMOC variability, where feasible, are compared with

available observational estimate.

An empirical orthogonal function (EOF) analysis is used

to assess the dominant variability in temperature and
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density in the GODAS. To concentrate on the variability

alone, the linear trend in temperature and density is first

removed at each grid point before the EOF analysis.

Temperature and density are zonally averaged in the

Atlantic basin, and are regrided to a uniform 1� in latitude

and 20 m in depth. The EOF analysis is based on the

annually averaged anomalies between 20� and 65�N from

the surface to 700 m in depth for 1979–2008. The domi-

nant EOFs and principal component (PCs) of the GODAS

are compared with those of the World Ocean Database

2005 (WOD05; Boyer et al. 2006). In the WOD05, tem-

perature is annually averaged in 1979–2008 and salinity is

filtered with a 5-year running mean in 1979–2004.

Similarly, the EOFs of the AMOC are derived with the

annually averaged anomalies between 20� and 65�N from

the surface to 4,000 m in depth. The dominant variability

of the AMOC, the first PC (PC1), is analyzed and com-

pared with the PC1s of temperature and density anomalies.

As the anomalous meridional density gradient between the

subpolar (50�–65�N) and subtropical (30�–45�N) Atlantic

is found to be closely related to the PC1 of the AMOC, we

also analyze the relative contributions of temperature and

salinity to the variation of density gradient.

To understand the forcing mechanisms for the AMOC

variability, we calculate the EOFs of annual anomalies of

the net surface heat flux, freshwater flux, and Ekman

pumping. We further relate their dominant variability

(PC1) with the wintertime (January-March) North Atlantic

Oscillation index (NAO) downloaded from http://www.

cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml.

The buoyancy forcings from surface heat flux and fresh-

water flux are also discussed. To further validate the

AMOC variability in the GODAS, we analyze how well the

GODAS simulates the variability in deep convection,

subpolar gyre transport and western boundary currents and

their lead/lag correlations with the AMOC.

3 The AMOC variability in the GODAS

The mean strength of the AMOC in the GODAS, calcu-

lated between 1979 and 2008, is approximately 16 Sv near

35�N and at 1,000 m depth (Fig. 1a). Spatially coherent

variation of the AMOC is quantified based on the EOF

analysis between 20� and 65�N from the surface to

4,000 m. The first EOF (EOF1; Fig. 1b) explains 51% of

total variance. The largest amplitude for the EOF1 (4 Sv) is

located near 44�N and 1,500 m, deeper and to the north of

maximum AMOC shown in Fig. 1a. The corresponding

PC1 time-series shows a strengthening in the AMOC from

1982 to 1993 and a weakening from 1995 to 2008

(Fig. 1c). This is in phase with the fluctuations of the

AMOC at 44�N where maximum for the EOF1 is located.

The magnitude and temporal variation of AMOC in the

GODAS is largely consistent with results from other model

simulations (Balmaseda et al. 2007; Frankignoul et al.

2009). The sharp decline of the AMOC from 1979 to 1982

might be unrealistic and is likely related to a model spin up

issues.

Figure 2a shows the annually averaged maximum

AMOC at 26.5�N from the GODAS, GODAS_SAL, and

observations. The AMOC in the standard GODAS has a

downward trend from 1979 to 1986, and an upward trend

from 1986 to 2004 overlain with significant interannual

variability (Fig. 2a). This is different from a downward

trend in Balmaseda et al. (2007).

For observational counterpart, four hydrographic data

based estimates at 25�N (Bryden et al. 2005) show a weak

upward trend from 1981 to 1993, and a strong downward

trend from 1993 to 2004. Kanzow et al. (2010) pointed out

Fig. 1 AMOC in GODAS. a Mean (1979–2008). b EOF1. The first

EOF represents 51% total variance. c Normalized PC1, along with the

maximum AMOC at 44�N (right axis). Contour intervals are 2 Sv in

(a) and 1 Sv in (b). GODAS_SAL in (c) results from projecting

AMOC in GODAS_SAL onto the EOF1 of AMOC in GODAS
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that estimates based on episodic observations can be con-

taminated by aliasing due to the seasonal cycle. After

removing the aliasing due to the seasonal cycle from the

estimates of Bryden et al. (2005), the weak upward trend

from 1981 to 1993 remains unchanged, but the downward

trend from 1993 to 2004 is significantly reduced (Kanzow

et al. 2010). The seasonal correction by Kanzow et al.

(2010) is 2–4 Sv. In comparison to these observations, the

AMOC strength in the GODAS appears too weak, partic-

ularly before 1997. Further, the downward trend from 1997

to 2008 in GODAS is not as evident as in the observed

estimates (Kanzow et al. 2010). The downward trend from

1979 to 1986 in the GODAS cannot directly be validated

by the observed estimates due to their sparse temporal

resolution.

On intra-annual timescale, the variations of the AMOC

in the GODAS at 26.5�N are largely in agreement with

observations. Figure 2b shows the monthly averaged

maximum AMOC at 26.5�N from Rapid Climate Change

(RAPID; http://www.bodc.ac.uk/rapidmoc) mooring array

(Kanzow et al. 2010) and GODAS between 2004 and 2008.

It is clear that the observed variations of AMOC at 26.5�N

are well captured in the GODAS with a correlation coef-

ficient of 0.67. However, its magnitude and variability are

somewhat underestimated. Between 2004 and 2008, mean

and standard deviation, respectively, are 18.7 and 3.7 Sv in

RAPID, and 14.9 and 3.0 Sv in GODAS. In addition,

RAPID observations (Fig. 2b) indicate that the standard

deviation of AMOC at 26�N between 2004 and 2008

(3.7 Sv) is weaker than that in the early period between

2003 and 2004 (5.6 Sv; Cunningham et al. 2007). The

larger standard deviation in Cunningham et al. (2007) may

partly be attributed to the use of daily averaged data.

4 The roles of temperature and salinity change

in the AMOC variability

EOFs and PCs of annually anomalous temperature and

density between 20� and 65�N from the surface to 700 m

are analyzed separately to understand the roles of temper-

ature and density in the AMOC variations. The first EOF

Fig. 2 a Annually averaged

maximum AMOC (unit: Sv) at

26.5�N in GODAS, and

GODAS_SAL, along with

observed AMOC anomalies by

Bryden et al. (2005, filled
triangle) and Kanzow et al.

(2010, filled circle) at 25�N and

by Cunningham et al. (2007,

filled square) at 26.5�N.

A 3-year running mean is

applied. b Monthly AMOC at

26.5�N from RAPID

observations, GODAS and

GODAS_SAL. The correlation

coefficients are 0.67 (0.64),

respectively, between RAPID

and GODAS (GODAS_SAL).

The Standard deviation (STD) is

1.4 for GODAS in (a); and 3.7,

3.0, and 2.8 Sv, respectively in

RAPID, GODAS, and

GODAS_SAL in (b)
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and PC (Fig. 3a, c) show that, superimposed on major

interannual fluctuations, zonally averaged temperature

exhibited an anomalous cooling north of 45�N and an

anomalous warming between 25� and 45�N from 1979 to

1994, and an opposite tendency from 1994 to 2008. This

temperature variability represents 33% of total variance,

and is a dominant contribution to the density variability

(Fig. 3b, d). The EOF1 of density represents 25% of total

variance.

It is clear that the variations of temperature (Fig. 3c) and

density (Fig. 3d) are in phase with the AMOC PC1

(Fig. 1c) on low-frequency time scales. Their respective

correlation with the AMOC PC1 is 0.60 and 0.65. These

results indicate that the variation of the AMOC PC1 is

associated with changes in density (Grist et al. 2009; Josey

et al. 2009). Density increased north of 45�N and decreased

south of 45�N from 1979 to 1995, and had opposite

changes from 1995 to 2008. Therefore, the meridional

gradient of density between subpolar (50�–65�N) and

subtropical (30�–45�N) Atlantic strengthened from 1979 to

1995 and weakened from 1995 to 2008 (Fig. 4). The

strengthening (weakening) of meridional gradient of den-

sity is compatible with the corresponding strengthening

(weakening) of the AMOC from 1980 to 1995 (from 1995

to 2008), and is consistent with studies of Vellinga (1996)

and Wang et al. (2009). The density structure (Fig. 3b)

favors a stronger change in AMOC near 45�N. This may

explain why AMOC PC1 is well correlated with maximum

AMOC at 45�C, but less correlated at 26�N. Therefore, we

refer AMOC as the AMOC PC1 or maximum AMOC at

45�N in our following discussions.

Variations of temperature and density in the GODAS are

concordant with observed analyses of WOD05. Figure 5a,

c show the first EOF and PC of annually anomalous tem-

perature in the WOD05, which are very similar to those

simulated in the GODAS (Fig. 3a, c) with correlation

coefficients of 0.81 and 0.80 in EOF1 and PC1, respec-

tively. However, the interannual variability of temperature

is slightly overestimated in the GODAS than in the

WOD05, e.g. during 1986–1991. The EOF loading of

temperature is vertically more homogeneous in the

GODAS than in the WOD05.

For density, the EOF1 and PC1 of the GODAS (WOD05)

are derived with annual (5-year running mean) anomalies of

temperature and salinity. The maximum EOF1 loadings in

the GODAS are located near the surface at 50� and 35�N

(Fig. 3b), while they are located near the surface at 55�N

and near 600 m at 37�N (Fig. 5b) in the WOD05. The

density variation leads the AMOC by approximately

1–2 year in the WOD05 (Fig. 5d) while it is in phase in the

GODAS (Fig. 3d). The first EOF and PC of density in the

WOD05 are correlated with those in the GODAS; and

respective correlation coefficients are 0.68 and 0.58. The

variances explained by the first EOFs of temperature and

density are higher in the WOD05 (43 and 39%, respec-

tively) than in the GODAS (33, and 25%, respectively).

Fig. 3 First EOF of de-trended,

basin-averaged, and annually

anomalous (a) temperature and

(b) density in the Atlantic in

GODAS. Normalized first PC of

(c) temperature and (d) density

in the Atlantic, along with

normalized first PC of AMOC

from Fig. 1c. The variance

explained by the first EOF is

approximately 33 and 25%,

respectively, for temperature

and density. The correlation

between PC1s of temperature

(density) and AMOC is 0.60

(0.65). Contour intervals are

0.2�C in (a) and 0.02 kg m-3 (b)
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The meridional gradient of density between subpolar

and subtropical Atlantic in the WOD05 (Fig. 4) is close to

that in the GODAS with correlation coefficient of 0.68. The

interannual variability of density is weaker in the WOD05

(Figs. 4 and 5d) because a 5-year running mean filter is

applied to its temperature analysis to match with its ori-

ginal 5-year running mean salinity when density is calcu-

lated. This density variability is in congruence with the one

using 5-year running mean filtered temperature and salinity

in GODAS (GODAS_5-year in Fig. 4). The density gra-

dient in the GODAS_5-year agrees with that in the

WOA05 better, but large discrepancies exist at times, e.g.

during 1983–1985, indicating large uncertainties in density

analysis in the early period.

We next examine the relative contributions of tempera-

ture and salinity variations to density variations by calcu-

lating density using either temperature (Fig. 6a) or salinity

(Fig. 6b) annual climatology. From 1990–1995 to

2003–2008, the density decreased dramatically north of

45�N with an amplitude of 0.12 kg m-3 in the upper 300 m,

while it changed little south of 45�N (Fig. 6c). The decrease

in density north of 45�N is largely attributed to an increase

in temperature which decreased the density by as much as

0.12 kg m-3 in the upper 200 m (Fig. 6a). In contrast, the

density south of 45�N changed little, partly due to a can-

cellation between an increase in density from increased

salinity and a decrease in density from increased tempera-

ture. Therefore, the decrease of meridional density gradient

from 1990–1995 to 2003–2008 (Fig. 4) is mostly due to the

decrease of density north of 45�N (Fig. 6c), and is attributed

to the decrease of temperature north of 45�N (Fig. 6a).

The above results point to a minor role of salinity in

density variation, and may be biased since synthetic

salinity is used in the GODAS. The WOD05, that includes

observed temperature and salinity data, can be used to

verify the GODAS (Fig. 7). The contribution of salinity

change to density change differs significantly north of

Fig. 4 Density gradient anomaly between subpolar (50�–65�N) and

subtropical (30�–45�N) Atlantic in the upper 700 m in WOD05,

GODAS, GODAS_SAL, and GODAS using 5-year running mean

temperature and salinity. The correlation coefficient between WOD05

and GODAS is 0.68. ‘‘GODAS_5-year’’ indicates the gradient of

density using 5-year running mean filtered temperature and salinity in

GODAS

Fig. 5 Same as in Fig. 3 except

for WOD05 with explained

variance of approximately 43

and 39%. Correlation

coefficients between WOD05

(Fig. 5) and GODAS (Fig. 4)

are 0.81, 0.80, 0.68, and 0.58,

respectively, in (a, c, b, and d).

A 5-year running mean is first

applied to the temperature and

salinity data when density is

calculated, and the EOF of

density is then analyzed
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40�N in the GODAS and WOD05 (Figs. 6b and 7b).

A comparison of salinity between the two data sets indi-

cated that the zonally averaged salinity in the high latitudes

in the GODAS is above 0.15 psu too high relative to the

WOD05 salinity in the upper 200 m before 1995 (not

shown). So the differences in the contribution of salinity

change to density change north of 40�N (Figs. 6b and 7b)

are largely due to the differences in salinity analysis before

1995 when observations are very sparse. In addition, the

differences may partially result from the averaged period of

2003–2004 in WOD05 and 2003–2008 in GODAS. Despite

of uncertainties in salinity analysis before 1995, both the

GODAS and WOD05 suggest that the temperature increase

from 1990–1995 to 2003–2008 dominated the density

decrease. In addition, we examined the U.K. Met Office

objectively analyzed temperature and salinity analysis

(EN3_v2a), and found that the above results are not sen-

sitive to data sets used.

To further quantify the potential role of salinity in

density variation and the AMOC variability, we also

Fig. 6 Zonally averaged

density changes in the North

Atlantic between 2003–2008

and 1990–1995 in GODAS due

to (a) temperature, (b) salinity,

and (c) temperature and salinity.

Contour intervals are

0.03 kg m-3
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examine an experiment that assimilates both observed

temperature and salinity for the period 2001–2006 (GOD-

AS_SAL). It is interesting to note that replacing synthetic

salinity with observed salinity had little impact on the

AMOC variability (Figs. 1c and 2b). Also, decreasing

trend in the meridional density gradient in the GOD-

AS_SAL is quite similar to that in the GODAS. However,

it remains to be seen whether salinity data could make a

critical contribution to the AMOC variability in the

GODAS before 2000, as suggested by Frankignoul et al.

(2009). In addition, an observing system similar to Argo

where temperature and salinity measurements are available

up to the 2,000 m depth may be critical for a complete

represent of the AMOC variability (Zhang et al. 2009).

5 The roles of atmospheric forcing and subpolar gyre

on the AMOC variability

It has been argued that the variability of the AMOC in the

northern North Atlantic is primarily driven by changes in

deep water formation taking place in the subpolar region,

Fig. 7 Same as Fig. 6 except

for WOD05
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which is strongly influenced by the NAO (Eden and

Willebrand 2001; Bentsen et al. 2004; Böning et al. 2006;

Kuhlbrodt et al. 2007). Following this hypothesis, we will next

examine the dominant variability in the net surface heat flux

(HFLX, positive downward), freshwater flux E-P, and Ekman

pumping (positive upward) based on the NCEP Reanalysis 2

(Kanamitsu et al. 2002), factors that are influenced by the

surface atmospheric variability associated with the NAO.

The EOF1 and PC1 of HFLX and Ekman pumping

account for 28 and 23% of total variance, respectively, and

are largely consistent with those based on the NCEP

Reanalysis 1 (Kalnay et al. 1996) discussed by Häkkinen

and Rhines (2004). Figure 8a shows that the HFLX in the

subpolar Atlantic is out of phase with that in the subtropical

Atlantic with the largest loading in the Labrador Sea. The

PC1 of HFLX is highly correlated with the wintertime

(January–March) NAO index. The subpolar Atlantic

warmed during early and mid-1980s, while cooled during

later 1980s and early 1990 (Fig. 8a, d). The continuous

weakening of the subpolar air-sea heat loss is consistent

with the observations that deep convective conditions in

the Labrador Sea have been absent since the early 1990s

(Häkkinen and Rhines 2004). Consistent with the NAO

wind pattern, the Ekman pumping is enhanced north of

55�N and suppressed in the central midlatitude North

Atlantic (Fig. 8c). The PC1 of Ekman pumping is very

Fig. 8 First EOFs of (a) net

surface heat flux, positive

downward, (b) E-P, and

(c) Ekman pumping, positive

upward. The EOF1s explain 28,

15, and 23% variances,

respectively. The contour

intervals are 0.2 in (a–c). Their

respective PC1s in (d–f) are in

unit of W m-2, mm/day, and

m/day; the thick black lines

represent a 3-year running mean

of PC1s; the thick red lines

represent normalized 3-year

running mean NAO index of

winter (January–March). The

correlation coefficients between

NAO and PC1s of heat flux,

E-P, and Ekman pumping are

0.77, 0.47, and 0.69,

respectively
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similar to the PC1 of HFLX except it declined to the lowest

value during 1994–1995 and had a weak upward trend

from 1995 to 2008 (Fig. 8f).

The EOF1 and PC1 of freshwater flux, accounting for

15% of total variance over the analysis domain, suggests

that the eastern North Atlantic east of 50�W exhibited a

strong salinification tendency in early 1980s, and a reverse

tendency from 1983 to 2008, and the southwestern North

Atlantic had opposite tendencies. The PC1 of freshwater

flux generally agrees with the NAO index during

1990–2008, but shows a clear disagreement during

1979–1989 (Fig. 8e).

The changes in surface heat flux appear to be consistent

with the variations in subsurface temperature (Figs. 3c and

5c) and the AMOC (Fig. 1c). The enhanced surface cooling

north of 40�N from 1979 to 1990 led to a decreased sub-

surface temperature and an increased AMOC from 1980 to

1995. A weakened surface cooling north of 40�N from

1990 to 2008 resulted in an increased subsurface temper-

ature and a decreased AMOC from 1995 to 2008. The

changes in surface heat flux lead the changes in subsurface

temperature and AMOC about 5 years; while changes of

subsurface temperature and AMOC are largely in phase.

This suggests that the variations of the AMOC in the

GODAS are forced by the overlaying atmospheric vari-

ability. The 5-year lag of subsurface temperature and

AMOC to the surface forcing is similar to the analysis of

Häkkinen and Rhines (2004) and Eden and Willebrand

(2001) who suggested a 3–5 year lag of baroclinic current

to surface forcing.

The net buoyancy (Gill 1982) forcings due to HFLX and

E-P (positive downward) are quantified as integrated

buoyancy flux north of 40�N (Fig. 9). The selection of

40�N is based on the EOF1s shown in Fig. 8a, b, and the

conclusion that the AMOC is sensitive to the surface heat

flux and E-P flux north of 40�N (Bunion et al. 2006).

Figure 9 shows that the integrated buoyancy forcing from

surface heat flux dominates over that from E-P. This agrees

with the analysis in Sects. 4 and 5 that the subsurface

density change north of 40�N was associated with tem-

perature change, and the contribution from salinity was

small. Numerical model experiments and observational

analyses (Eden and Willebrand 2001; Häkkinen and Rhines

2004; Böning et al. 2006) also suggest that surface heat flux

and wind stress curl associated with the NAO are the

dominant atmospheric forcings for the decadal and multi-

decadal AMOC variability in the northern North Atlantic,

while the freshwater flux plays a minor role.

The total downward buoyancy forcing north of 40�N

increased from 1979 to 1990, and decreased during

1990–1995 and 2001–2008, which led the changes in

AMOC (Fig. 1c) and subsurface temperature (Figs. 3a and

5a) by 3–4 year with a correlation coefficient of 0.64. This

is consistent with the analysis of coupled model outputs

(Grist et al. 2009), who showed that the AMOC lags the

surface density flux into the ocean by 2–3 year, while the

analysis of Josey et al. (2009) suggested a longer

(6–10 year) lag of AMOC to the surface density flux.

The variations of surface heat flux in the subpolar

Atlantic directly impact the strength of deep convection.

Ocean heat loss related to a positive NAO enhances the

deep convection in the Labrador and Irminger Sea, which

leads to a strengthening of the subpolar gyre (Eden and

Willebrand 2001) and western boundary currents off

Labrador (Häkkinen and Rhines 2004; Böning et al. 2006)

after about 3 year. The AMOC variability in the northern

North Atlantic tends to covary with the changes of subpolar

gyre and western boundary currents off Labrador (Böning

et al. 2006; Frankignoul et al. 2009). To analyze this aspect

in the GODAS, we examine how well the GODAS simu-

lates the variability in deep convection, subpolar gyre

transport and western boundary currents and their lead/lag

correlations with the AMOC.

The strength of deep convection can be quantified by

anomalous mixed layer depth (MLD) as shown by Bentsen

et al. (2004) and Böning et al. (2006). Figure 10a, c shows

that winter time (Feb–Apr) MLD (the deep convection)

was deeper (stronger) than normal in the Labrador and

Irminger Sea before 1995, and was shallower (weaker)

from 1995 to 2008. The maximum variability of MLD is

over 1,000 m. The changes in deep convection may

directly results in the variations in the subpolar gyre that is

quantified by barotropic stream function (BSF; Fig. 10a,

b). The subpolar gyre was strong in 1985 and 1995, and

became weaker from 1995 to 2008. The maximum vari-

ability of the subpolar gyre is over 4 Sv. The BSF variation

further results in the changes in AMOC, at 55�N for

example (Fig. 10a). The MLD (deep convection) leads

Fig. 9 Integrated buoyancy flux anomaly (positive downward) in unit

of 107 N s-1 in GODAS. The buoyancy flux is integrated north of

40�N. The total buoyancy flux represents the buoyancy from both heat

flux and E-P, which leads PC1 of AMOC (Fig. 1c) for 3–4 years with

a correlation coefficient of 0.64. A 3-year running mean is applied in

the plot
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BSF by approximately 1 year with a correlation coefficient

of 0.79, and leads AMOC at 55�N by approximately 3 year

with a correlation coefficient of 0.61. BSF leads AMOC at

55�N by approximately 1 year with a correlation coeffi-

cient of 0.78. These results suggest that the AMOC vari-

ability in GODAS may first be driven by surface heat flux

and E-P via high latitude deep convection. The changes in

deep convection directly result in variations of BSF and

subsequently AMOC. This causal link between surface

heat flux and AMOC is consistent with the studies of

Bentsen et al. (2004), Böning et al. (2006), and the

mechanisms proposed by Zhang (2008). However, the

AMOC change may also be linked to the surface wind

stress curl (Fig. 8c) as indicated in Böning et al. (2006).

The reason is that both surface heat flux and wind are

directly associated with the changes in NAO.

6 Summary and discussions

Our analysis shows that the AMOC strengthened in the

GODAS from 1980 to 1995 and weakened from 1995 to

2008. The AMOC variation is associated with the subsur-

face temperature and density variations in the North

Atlantic in the GODAS and the objective analysis of the

observed hydrographic data of WOD05. Several other

ocean reanalyses also show that AMOC strengthened from

1980 to 1995, and weakened after 1995 (Wunsch and

Heimbach 2006; Balmaseda et al. 2007). Similarly, some

ocean model simulations indicate that AMOC strengthened

before 1995 and weakened after 1995 (Bentsen et al. 2004;

Böning et al. 2006; Bingham et al. 2007; Frankignoul et al.

2009).

Direct AMOC observations (Fig. 2a) (Bryden et al.

2005; and Kanzow et al. 2010) suggest a weakening

(strengthening) AMOC at 26.5�N after (before) 1993. The

downward trend of AMOC at 26.5�N in the GODAS,

however, is very weak after 1997. Recent RAPID obser-

vations (Fig. 2b) show that AMOC at 26.5�N exhibited

strong seasonal and interannual variabilities from 2004 to

2008. These variabilities are well simulated by GODAS

with a slightly weak mean and standard deviation, indi-

cating a good model performance as more observed data

are assimilated into the GODAS.

The magnitude of AMOC variability in the GODAS is

approximately 3-4 Sv (Fig. 1b), which is comparable with

the ocean synthesis estimations of Balmaseda et al. (2007)

and Köhl and Stammer (2007), the simulations of Bingham

et al. (2007), Frankignoul et al. (2009) and Danabasoglu

(2008). But it is stronger than the simulation of Wunsch

and Heimbach (2006; 2.3 Sv), the estimations of Böning

et al. (2006; 1–2 Sv) and Bentsen et al. (2004; 1–2 Sv).

Model simulations (Danabasoglu 2008) suggested a period

of 20–80 year in AMOC variation, while it is difficult for

us to estimate the period of AMOC variability in the

GODAS due to limited data length.

Our analysis suggests a dominant role of subsurface

temperature variation in the AMOC variability. On the

other hand, modeling studies of Frankignoul et al. (2009),

Msadek and Frankignoul (2009), and Zhang et al. (2009)

suggested that the salinity variability contributes domi-

nantly to the interannual-decadal variability of AMOC. The

modeling study of Danabasoglu (2008) indicated an

Fig. 10 a Normalized PC1s of BSF and MLD (left axis), along with

maximum AMOC at 55�N (right axis); b EOF1 of BSF with a

variance of 31%; and c EOF1 of MLD with a variance of 40%. The

contour interval is 2 Sv in (b) and 300 m in (c). The correlation

coefficient is 0.79 between MLD and BSF with MLD leading for

1 year, 0.61 between MLD and AMOC at 55�N with MLD leading for

3 year, and 0.78 between BSF and AMOC at 55�N with BSF leading

for 1 year. Contour interval is 2 Sv in (b) and 300 m in (c)
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equally important role of temperature and salinity in the

variability of the AMOC. These conclusions are different

from the GODAS analysis. The study of Msadek and

Frankignoul (2009) indicated that density variability leads

AMOC approximately 4 year. However, changes in density

are in phase with AMOC in the GODAS, but density

changes in the WOD05 lead the AMOC in the GODAS by

1–2 year.

It had been hypothesized that the AMOC variations

could be forced by surface heat flux, E-P, and wind stresses

(Kuhlbrodt et al. 2007). Our analysis based on GODAS

suggests that variations in the AMOC and subsurface tem-

perature are indeed forced by the surface heat flux and wind

stresses in the North Atlantic as indicated by many earlier

studies (Stommel 1961; Rahmstorf 1996; Huang et al. 2003;

Bugnion et al. 2006). These variations of surface heat flux

and wind stresses are also closely related to the winter NAO

index as indicated by Häkkinen and Rhines (2004), which

lead the AMOC variations by approximately 5-year in

agreement with the GODAS analysis.

The analyses suggest that the changes in AMOC are

directly associated with changes in subpolar gyre. Figure 10

shows that both subpolar gyre and AMOC at 55�N

strengthened from 1986 to 1995, and weakened from 1995

to 2008. The changes in subpolar gyre can also be seen by

the changes in zonal current near 45�N according to thermal

wind effect (Figs. 3a and 5a). This is in concordance with

the geostrophical current analysis based on altimetry sea

surface height observations (Häkkinen and Rhines 2004),

and a weakening deep western boundary current off

Labrador since 1995 in a model simulation (Böning et al.

2006). However, Zhang (2008) argued that the weakening

subpolar gyre after 1995 may be associated with a

strengthening AMOC. The argument is based on (1) the

AMOC is highly correlated with Atlantic Multidecadal

Oscillation (AMO) in some coupled model runs (Delworth

and Mann 2000; Knight et al. 2005), and (2) Observed

AMO index has been strengthening since 1995 (Kerr 2000).

Further studies are required to clarify the discrepancy

between different analyses.

Caution is required in the interpretation of the AMOC

analysis based on the GODAS since the model domain

does not extend to the Arctic; No sea-ice and its influence

on the fresh water budget are considered in the model; and

synthetic rather than observed salinity is assimilated into

the system (Behringer and Xue 2004). These deficiencies in

the model could potentially underestimate the role of

salinity in the AMOC variability as suggested by Jungclaus

et al. (2005). The influence, however, appears not to be

severe. The reasons are (1) both WOD05 and EN3 analyses

also show a weak contribution of salinity to density during

the past 30 year; (2) a sensitivity experiment, which

assimilated observed salinity from 2001 to 2006

(GODAS_SAL), indicates that the AMOC variations in

GODAS_SAL only changed slightly between 2001 and

2006; and (3) integrated surface buoyancy forcing is

overwhelmingly determined by the surface heat flux and

the contribution from E-P is small. It is, therefore, sug-

gested that the role of salinity in AMOC may indeed be

weak in the past decades. Since salinity from WOD05 and

heat and freshwater fluxes from NCEP R2 are not direct

observations, the validation of GODAS analysis using

these data sets may be biased. More comparisons with

direct observations and other model based analysis are

expected to further clarify some of the issues.

The difference in the magnitude of AMOC variabilities

between GODAS and the control simulation without data

assimilation strongly suggests the important role of data

assimilation in constraining the AMOC variations. The

impacts of assimilation of observed temperature profiles in

GODAS can reduce the temperature and density biases in

the North Atlantic (not shown), and therefore reduce the

model deficiencies of the artificial northern boundary

excluding the Arctic and removal of the sea ice.

Given the importance of the AMOC in long-term cli-

mate variability, model estimates of AMOC based on

ocean data assimilation systems are an important climate

monitoring tool. Such estimates also provide a means to

validate the characteristics of the AMOC in coupled model

simulations. Similar analysis for the AMOC variability

from ocean analyses at different operational centers will

further clarify the AMOC variability and provide multi-

model tools for monitoring AMOC in real time.
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