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Abstract  25 

The influence of the Atlantic meridional overturning circulation (AMOC) variability 26 

on the atmospheric circulation is investigated in a control simulation of the NCAR 27 

Community Climate System Model 3, where the AMOC evolves from an oscillatory regime 28 

into a red-noise regime. In the latter, an AMOC intensification is followed during winter by a 29 

positive NAO. The atmospheric response is robust and controlled by AMOC-driven SST 30 

anomalies, which shift the heat release to the atmosphere northward near the Gulf 31 

Stream/North Atlantic Current. This alters the low-level atmospheric baroclinicity and shifts 32 

the maximum eddy growth northward, affecting the storm track and favoring a positive NAO. 33 

The AMOC influence is detected in the relation between seasonal upper ocean heat content or 34 

SST anomalies and winter sea level pressure. In the oscillatory regime, no direct AMOC 35 

influence is detected in winter. However, an upper ocean heat content anomaly resembling the 36 

AMOC footprint precedes a negative NAO. This opposite NAO polarity seems due to the 37 

southward shift of the Gulf Stream during AMOC intensification, displacing the maximum 38 

baroclinicity southward near the jet exit. As the mode has somewhat different patterns when 39 

using SST, the wintertime impact of the AMOC lacks robustness in this regime. However, 40 

none of the signals compares well with the observed influence of North Atlantic SST 41 

anomalies on the NAO because SST is dominated in CCSM3 by the meridional shifts of the 42 

Gulf Stream/North Atlantic Current that co-vary with the AMOC. Hence, although there is 43 

some potential climate predictability in CCSM3, it is not realistic. 44 

45 
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1. Introduction 46 

Much effort has been recently devoted to investigate and quantify decadal climate 47 

predictability, using coupled climate models. Most studies focus on the Atlantic meridional 48 

overturning circulation (AMOC) (Collins 2002; Pohlmann et al. 2004; Collins et al. 2006; 49 

Msadek et al. 2010) or the upper ocean heat content (Branstator et al. 2012), which seem 50 

especially predictable and may influence climate fluctuations over the continents, being thus 51 

of particular socio-economic interest. An influence of the Atlantic multidecadal oscillation 52 

(AMO), which has been suggested to largely result from AMOC fluctuations, on summer 53 

precipitation in North America and Europe, Atlantic hurricane activity, and other climatic 54 

features has been suggested by several empirical and modeling studies (e.g., Enflield et al. 55 

2001; Sutton and Hodson 2005; Knight et al. 2006). Changes in the atmospheric circulation 56 

and a strengthening of the North Atlantic storm track have been attributed to the sustained 57 

weakening of the AMOC in most hosing and anthropogenic-gas forcing experiments with 58 

climate models (e.g., Stouffer et al. 2006; Brayshaw et al. 2009; Woollings et al. 2012), but 59 

control simulations provide a cleaner set up to detect the influence of the AMOC variability 60 

on the atmospheric circulation (Msadek and Frankignoul 2009; Teng et al. 2011; Gastineau 61 

and Frankignoul 2012, hereafter GF12). However, because of the natural variability of the 62 

atmosphere, the signal-to-noise ratio is small and the predictability of the atmospheric signals 63 

associated with the natural variability of AMOC seems weak, albeit less so on decadal scales 64 

(Teng et al. 2011).  65 

For climate forecasts to have predictive value, the relevant air-sea interactions must be 66 

realistic in climate models. Since the AMOC variability cannot be estimated reliably from 67 

observations over sufficiently long periods, one cannot directly assess whether the 68 

atmospheric response to the AMOC detected in a climate model is relevant to the real climate 69 

system. On the other hand, one can verify if the air-sea interactions in the model are 70 
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consistent with the influence of sea surface temperature (SST) anomalies on the atmospheric 71 

circulation detected in observations at the seasonal scale, in particular in the North Atlantic 72 

sector where an AMOC impact may be expected. Gastineau et al. (2012, hereafter GDF) 73 

showed that the North Atlantic SST influence on the North Atlantic Oscillation (NAO) in the 74 

IPSL-CM5 model was broadly consistent with the influence of the North Atlantic horseshoe 75 

SST anomaly on the early winter NAO seen in the observations (Czaja and Frankignoul 1999, 76 

2002). As the horseshoe SST anomaly was shown by GDF to be correlated in phase with the 77 

AMO at low frequency in both IPSL-CM5 and observations, and the AMO patterns are rather 78 

similar, the air-sea interactions in IPSL-CM5 seemed broadly realistic, suggesting that an 79 

AMOC intensification tends to be followed by a negative NAO during winter. GF12 found a 80 

similar AMOC influence on the NAO during the cold season in five other climate models, but 81 

other models may behave differently.  82 

The aim of this study is to determine whether AMOC variability in the (relatively) high-83 

resolution T85 version of the Climate Community System Model 3 (CCSM3) (Collins et al. 84 

2006) has a significant impact onto the large-scale atmospheric circulation, and to evaluate 85 

the degree of realism of such air-sea interactions. After initial adjustment, the AMOC 86 

variability in a 700-yr control simulation showed two different regimes (see Fig. 1 in 87 

Danabasolu 2008). The AMOC was in a quasi-oscillatory regime for 300 years with a 20-yr 88 

dominant period, as investigated by Danabasoglu (2008) and Tulloch and Marshall (2012). 89 

The regime then changed abruptly, showing weaker and slower red noise-like fluctuations in 90 

the last 250 years, as analyzed by Kwon and Frankignoul (2012). Danabasoglu (2008) has 91 

suggested that the 20-year cycle in the oscillatory regime may reflect an atmosphere-ocean 92 

coupled mode, while Kwon and Frankignoul (2012) argued that the AMOC variability in the 93 

red noise regime was dominated by a damped ocean mode driven by stochastic NAO forcing. 94 

Here we show that in each regime the AMOC variability has a significant influence on the 95 
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atmospheric circulation, albeit with different and perhaps opposite features. We also 96 

investigate whether the atmospheric response to the AMOC can be detected at the seasonal 97 

scale using SST or upper ocean heat content anomalies. Finally, we discuss how the oceanic 98 

influence in CCSM3 compares with the observations. 99 

 100 

2. Model 101 

The NCAR CCSM3 T85x1 is described in Collins et al. (2006). The atmospheric 102 

component is the Community Atmosphere Model version 3 (CAM3) with 26 vertical levels 103 

and T85 horizontal resolution (approximately 1.4° resolution). The ocean component is the 104 

Parallel Ocean Program version 1.4 (POP1.4) with a zonal resolution of 1.125° and a 105 

meridional resolution of 0.27° at the equator gradually increasing to a maximum of ~0.6° at 106 

about 40°N. There are 40 levels in the vertical, whose thickness monotonically increases from 107 

10 m near the surface to 250 m below 1500 m. The other components, the Community Land 108 

Model version 3 (CLM3) and the Community Sea Ice Model version 5 (CSIM5), have the 109 

same horizontal resolution as the atmospheric and ocean components, respectively. The 110 

control integration uses greenhouse gases concentrations set to their 1990 levels. The ocean 111 

model was initialized from rest with the January mean climatological temperature and salinity 112 

from Levitus et al. (1998) and, for the Arctic Ocean, Steele et al. (2001). The other 113 

components were initialized with January conditions obtained from stand-alone integrations. 114 

The control integration was run for 700 years without any flux adjustment, as documented in 115 

Collins et al. (2006). After an initial adjustment of 50 yr, the strength of the AMOC very 116 

slowly decreased during the first part of the integration, stabilizing at about 22 Sv. The 117 

AMOC was first in an oscillatory regime with a dominant period of about 20 yr and an 118 

amplitude of 4 Sv (year 150-449), which was investigated by Danabasoglu (2008). The 119 

regime then changed abruptly, showing weaker and red noise-like fluctuations of about 2 Sv 120 
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in the last 250 years (years 450-699), with a dominant time scale (period) of 30 to 40 years, 121 

which were investigated by Kwon and Frankignoul (2012).  122 

The atmospheric circulation is largely realistic and the storm track fairly well represented 123 

in CCSM3, but there are biases in the position of the NAO and other North Atlantic regimes 124 

as the mean Icelandic low is stronger and displaced southeastward relative to observations 125 

(Alexander et al. 2006), which is a common bias found in other coupled models (Woollings 126 

and Blackburn, 2012). The mean oceanic fields are broadly realistic but exhibit some 127 

significant biases in the North Atlantic, which are also commonly found in global climate 128 

models of similar resolution. Although the separation of the Gulf Stream (GS) is well-located, 129 

the path of the Gulf Stream/North Atlantic Current (GS/NAC) is too zonal near the Tail of the 130 

Grand Banks, resulting in a large cold and fresh bias near the surface around 40°–50°N, 50°–131 

20°W (Large and Danabasoglu 2006; Danabasoglu 2008). The main deep convection site in 132 

the North Atlantic is centered in the western subpolar gyre near 54°N, 45°W. It extends too 133 

much to the southeast and not enough into the Labrador Sea. Secondary convection sites are 134 

located southwest of Iceland in the Irminger Current and in the northwestern Nordic Seas, but 135 

the deep overflow water is poorly represented. There are small differences between the 136 

climatology of the two regimes, presumably reflecting the long spin-up time of the deep 137 

circulation. In particular, in the red noise regime the westerlies are somewhat weaker, the 138 

subpolar gyre is slightly weakened and extended eastward, and the strength of the deep 139 

western boundary current (DWBC) and of the lower branch of the AMOC are reduced; the 140 

GS/NAC is also shifted south, resulting in a strong cooling along the GS/NAC (Fig. 1). We 141 

will suggest elsewhere that the slow drift in the model climatology explains the change from 142 

an oscillatory to a red noise AMOC regime (Kwon and Frankignoul, manuscript in 143 

preparation). 144 

 145 
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 146 

3. Statistical method 147 

To remove possible model drift, a second-order trend was removed from all variables 148 

prior to analysis. The main patterns of covariability between the ocean and the atmosphere are 149 

investigated with a lagged maximum covariance analysis (MCA, von Storch and Zwiers 150 

1999). The MCA isolates pairs of spatial patterns and their associated time series by 151 

performing a singular value decomposition of the covariance matrix between two fields. Each 152 

field is expanded into orthogonal patterns that maximize their area-weighted covariance, the 153 

time series being orthogonal to one another between the two fields. Each MCA mode is 154 

characterized by its squared covariance (SC), the correlation (R) between the two time series, 155 

and the SC fraction (SCF) that it represents. Because of the stochastic character of the 156 

intrinsic atmospheric variability, the lagged MCA has been extensively used to detect oceanic 157 

influence on the atmosphere since the relationships between oceanic and atmospheric fields 158 

are indicative of the influence of the ocean on the atmosphere when the ocean leads by more 159 

than the atmospheric persistence (Frankignoul et al. 1998). However, other boundary forcing 160 

such as sea-ice (e.g., Alexander et al., 2004) or continental snow cover (Cohen et al. 2007) 161 

may also play a role. To establish whether the MCA modes are meaningful, statistical 162 

significance was estimated using a moving blocks bootstrap approach as in Czaja and 163 

Frankignoul (2002): each MCA was repeated 100 times, linking the original oceanic 164 

anomalies with randomly scrambled atmospheric ones based on blocks of 2 successive years 165 

to reduce the influence of possible serial correlation in the atmosphere. The quoted 166 

significance levels indicate the percentage of randomized SC and correlation R for the 167 

corresponding mode that exceeds the value being tested. It is an estimate of the risk of 168 

rejecting the null hypothesis (there is no correlation between atmospheric and oceanic 169 

anomalies) when it is true. A smaller significance level indicates stronger evidence against the 170 
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null hypothesis. The MCA isolates pair of spatial patterns, but the singular vectors associated 171 

with the two fields are not linearly related. As in Czaja and Frankignoul (2002), we show as 172 

covariance maps the homogeneous oceanic patterns and heterogeneous atmospheric patterns, 173 

which are obtained by regression onto the normalized oceanic time series, since they represent 174 

typical amplitude, preserve linear relation, and are most appropriate to describe the 175 

atmospheric response to ocean changes.  176 

Since ENSO significantly affects the atmospheric circulation in the North Atlantic sector 177 

and introduces a persistent component in the atmospheric fields, it could bias the estimated 178 

response to the AMOC or to extratropical SST forcing. As shown by Frankignoul and 179 

Kestenare (2002), the bias can largely be avoided if the ENSO teleconnections are first 180 

removed from both the oceanic and the atmospheric variables. This was done seasonally at 181 

each grid point by using 3-month running periods and linear regression on the first two 182 

principal components of SST anomalies in the equatorial Pacific (12.5°S-12.5°N, 100°E-183 

80°W). The asymmetry in the response to ENSO (Alexander et al. 2006) and its delay (small 184 

at the seasonal scale) are neglected, so that the ENSO signal may not be entirely removed.  185 

The MCA was first used to determine if the AMOC fluctuations influence the large-scale 186 

atmospheric circulation in CCSM3. To take into account the seasonal variability of the 187 

atmospheric circulation but highlight the low frequencies, we use yearly values of the AMOC 188 

streamfunction between 30°S and 80°N and 3-month averages of sea level pressure (SLP) 189 

anomalies in the North Atlantic sector (10–80°N, 100°W–20°E). Hence, for each year SLP is 190 

taken either in JFM, or in FMA, or in MAM, … (each month is described by its first letter). 191 

The lag is given in year, but the effective lag slightly varies with the season selected for SLP. 192 

Prior to each MCA, we apply a small temporal smoothing (¼, ½ , ¼) to the yearly seasonal 193 

SLP and yearly AMOC time series, which decreases the noise without affecting seasonality. 194 

As the behavior of the AMOC differs in the oscillatory regime (year 150-449) and the red 195 
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noise regime (year 450-699), the two regimes are considered separately. In both regimes, 196 

however, the strongest co-variability between SLP and the AMOC occurs when the AMOC 197 

lags or is simultaneous with the fall and winter SLP (Fig. 2), reflecting the forcing of the 198 

AMOC by the NAO in the cold season, as illustrated for the red noise regime in Fig. 3 (top). 199 

In the oscillatory regime, the covariability between the AMOC and SLP is stronger, reflecting 200 

the stronger AMOC variability during that period, but the MCA patterns are nearly 201 

undistinguishable (not shown). As the AMOC response has been extensively discussed in 202 

Danabasoglu (2008) and Kwon and Frankignoul (2012), we focus on the relation between 203 

SLP and prior AMOC variations (lag > 0), which likely reflects an oceanic influence on the 204 

large-scale atmospheric circulation. Because of the temporal smoothing, results at 205 

neighboring lags are not independent, but the strong simultaneous relation between SLP and 206 

the AMOC, which reflects the AMOC response to the atmosphere, only weakly biases the 207 

results when the AMOC leads by two years (lag 2), and the results only reflect the oceanic 208 

influence when the AMOC leads by 3 years or more (lag ≥ 3 yr).  209 

We also use a MCA between seasonal SLP and SST anomalies to see whether the AMOC 210 

imprint on the atmosphere could be detected in surface data. It furthermore allows comparing 211 

model and observations, thus assessing the realism of the air-sea interactions in CCSM3, as 212 

was done for IPSL-CM5 by GDF. To enhance the signal-to-noise ratio, we have also 213 

considered seasonal anomalies of the average temperature in the upper 200 m, hereafter T0-200m, 214 

which is proportional to the heat content of the upper 200 m. They are more persistent than 215 

SST anomalies and less strongly affected by weather fluctuations, thereby more likely to 216 

reflect the AMOC influence. In each regime, the seasonal air-sea interactions were 217 

investigated as a function of time of year by a MCA between 3-month running averages of 218 

SST or T0-200m anomalies in the domain 100°W–20°E, 10–80°N and SLP anomalies over the 219 

same domain. The regions where the climatological sea-ice coverage exceeds 50 % are 220 
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excluded from the analysis, but the results are not sensitive to the precise limits of the domain 221 

and the sea-ice threshold. When SLP leads SST or T0-200m (or when they are simultaneous), the 222 

MCA modes primarily reflect the upper ocean response to the main modes of atmospheric 223 

variability, as in the observations. These air-sea interactions have been discussed by 224 

Alexander et al. (2006), who noted that the main SST anomaly patterns are not very realistic 225 

in the North Atlantic as their centers are overly concentrated near 45°N because of inaccurate 226 

representation of the GS and the subpolar gyre. We investigate below the relation between 227 

seasonal SLP and SST or T0-200m anomalies when the ocean leads SLP by at least 2 or 3 228 

months, which has not been discussed previously and reflects the atmospheric response to the 229 

oceanic variability. 230 

We first discuss the red noise regime since the AMOC might be closer to a statistically 231 

steady state (longer spin-up) and the longer AMO time scale is more comparable to the 232 

approximate time scale of 70 yr estimated from SST observations and reconstructions 233 

(Delworth and Mann 2000). 234 

 235 

 236 

4. Oceanic influence on the atmospheric circulation in the red noise regime 237 

a. AMOC influence 238 

When the AMOC leads SLP, the first MCA mode is most significant and has the largest 239 

covariance for SLP in winter, with a peak in JFM (Fig. 2, right). The mode is robust, and was 240 

also highly significant without temporal smoothing. A weaker and less robust AMOC 241 

influence is detected in AMJ and, with temporal smoothing, in summer. In JFM, the first 242 

MCA mode is at least 5% significant in both SC and R until lag 8, with maximum SC when 243 

SLP lags the AMOC by 3 years, and it is seen at larger lag, reflecting its robustness and the 244 

persistence of the AMOC. The mode is well separated as its SCF exceeds 90% until lag 15. 245 
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As shown by the covariance maps in Fig. 3, an intensification of the AMOC tends to be 246 

followed in winter by a positive NAO-like pattern. The AMOC pattern is nearly identical to 247 

the first empirical orthogonal function (EOF1) of the meridional overturning stream function 248 

(compare with Fig. 3 of Kwon and Frankignoul 2012), typically reaching 1.2 Sv near 45°N. 249 

The SLP response resembles a positive NAO, except that the Islandic low is 50% deeper than 250 

the Azore high compared to SLP EOF1, reaching about 1.1 hPa north of Iceland for a 0.5 hPa 251 

high off the Iberian Peninsula, which corresponds to 20 to 30% of the typical amplitude of the 252 

NAO in JFM (after ¼, ½, ¼ smoothing). About 7.5% of the NAO JFM variance is explained 253 

by the atmospheric response. However, as the AMOC only varies slowly (10-yr e-folding 254 

time), the percentage of explained variance should be larger at low frequency. The signal is 255 

barotropic, without westward tilt with height (not shown). The correlation R between the 256 

MCA time series exceeds 0.25 for SLP lagging by up to 5 yr, but correlation might be biased 257 

high in a MCA since the covariance is maximized. The cross-validated correlation obtained 258 

by removing successive sets of 3 yr before performing the MCA and then using the MCA 259 

patterns to determine the amplitude of the middle year is lower at lag 3 (R = 0.18), but it 260 

reaches 0.28 at lag 6. In addition, weak but significant correlations (R ~ 0.2) are found 261 

independently by correlating the AMOC EOF1 time series (PC1) with the winter SLP PC1 262 

lagging by several years. This suggests that the AMOC influence accounts for a small but 263 

significant fraction of the winter-to-winter NAO fluctuations in the model, in particular at 264 

high latitudes. Since the AMOC variability is largely driven by the natural variability of the 265 

NAO, a positive NAO driving a stronger AMOC (Fig. 3; see also Kwon and Frankignoul 266 

2012), the atmospheric response to the AMOC acts as a weak positive feedback in the red 267 

noise regime. 268 

The NAO-like response appears to be driven by the SST and the surface heat flux 269 

anomalies induced by the AMOC changes. Figure 4 shows the lag-regression of a number of 270 
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fields in JFM (after a ¼, ½, ¼ smoothing) onto the AMOC time series from the leading MCA 271 

mode between the AMOC and SLP lagging by 3 yr (as shown in Fig.3). The spatial anomalies 272 

lag the AMOC time series by 3 years, so they correspond to the winter SLP response in the 273 

MCA shown in Fig. 3 (similar patterns would be obtained by regressing on AMOC PC1 with 274 

a 3-yr lag). In the red noise regime, an AMOC intensification is accompanied by a northward 275 

shift of both the GS and the NAC. This causes a strong SST increase along the GS/NAC, 276 

extending well into the eastern subpolar gyre, together with a weaker cooling to the south and 277 

in the Norwegian Sea (Fig. 4, top left). The SST pattern changes little with lag, and the SST 278 

anomalies are very small in the North Pacific and the Tropics (not shown). The surface heat 279 

flux anomaly (top right) has a similar pattern, reflecting that the surface heat flux damps 280 

ocean-driven SST anomalies, like in the observations (Frankignoul and Kestenare 2002). 281 

However, the reduction in oceanic heat loss south of the NAC is nearly as strong as its 282 

increase along the NAC, so that the anomalous heating resembles a crescent-shape north-283 

south dipole. This could occur because the heating associated with a SST front extends 284 

downwind in strong winds as the air temperature does not have time to adjust to SST changes, 285 

so that the heating is broader and frontal displacements lead to dipolar heating changes (e.g., 286 

Small et al. 2008). Upward heat flux warms the air over warm SST anomalies, hence warmer 287 

air is advected over the negative SST anomaly located downstream, where it amplifies the 288 

downward heat flux. As shown by its location with respect to the climatology, the anomalous 289 

heating shifts northward and extends northeastward the western subtropical region of 290 

maximum heat release to the atmosphere. This affects the baroclinicity of the lower 291 

troposphere and thus the synoptic perturbation growth. The maximum Eady growth rate, 292 

which is defined by 

€ 

0.31f ∂u
∂z
N−1with f the Coriolis parameter, 

€ 

∂u
∂z

 the zonal wind shear, and 293 

N the Brunt-Väisälä frequency, governs the amplitude of the atmospheric perturbations 294 
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(Hoskins and Valdes 1990). Its climatology (Fig. 4, bottom left, in red) shows that the region 295 

of maximum growth rate at 850 hPa is located over the GS region from Cape Hatteras to the 296 

Grand Banks of Newfoundland, which corresponds to the location of the largest upward 297 

surface heat flux over the North Atlantic. The anomalous maximum Eady growth rate shifts 298 

the maximum growth rate northward, and extends its tail end northeastward. This decreases 299 

the storm track over the subtropics, while shifting and extending it northeastward, as shown 300 

by the standard deviation of the bandpass (2.2-6 days) filtered 300-hPa geopotential height 301 

calculated from daily outputs (Fig. 4, bottom right), consistent with the positive NAO 302 

response in Fig. 3. Note that the variability of the North Atlantic storm track is biased in 303 

CCSM3, as the meridional shifts of the storm track exit are a more prevalent mode of 304 

variability than storm track strengthening, opposite to the observations (Alexander et al. 305 

2006).  306 

In summary, during winter the AMOC variability modulates the North Atlantic SST and 307 

the heat released to the atmosphere, shifting meridionally the lower-level baroclinicity and the 308 

maximum growth of the transient eddies. This affects the storm track and leads to a NAO-like 309 

response. The latter has significant climate impacts, with 850 hPa temperature anomalies 310 

coarsely resembling the anomalies observed during a positive NAO phase (warming in 311 

western Europe and much of North America, and cooling over Greenland), together with an 312 

increase in precipitation over Ireland, Scotland, and Norway, and a decrease in a few regions 313 

in North America. The AMOC variability also affects sea ice concentration, as the ice edge 314 

retreats when SST is warmer and expands when SST is colder. Although the sea-ice 315 

concentration changes and the associated heat fluxes were small (not shown), it is not 316 

excluded that they contribute to the atmospheric response. 317 

 318 

b. Air-sea interactions at the seasonal scale 319 
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Since it does not take more than a month or two for the atmosphere to respond to 320 

anomalous boundary forcing (Ferreira and Frankignoul 2005; Deser et al. 2007), and the 321 

response strongly depends on the season (Czaja and Frankignoul 2002), the slowly-varying 322 

SST changes caused by the AMOC variability could only influence the atmosphere via their 323 

repeated seasonal impact in successive years. Hence, if the AMOC influence is sufficiently 324 

strong, this seasonal impact should be detectable at the seasonal scale in the relation between 325 

SST and the atmosphere. However, local atmospheric forcing may generate SST anomalies 326 

similar to the AMOC footprint, albeit less persistent, which similarly influence the 327 

atmosphere. Hence, as discussed in Gastineau et al. (2012), signals detected at the seasonal 328 

scale could be attributed to an AMOC influence if their persistence matches that of the 329 

AMOC or the AMO. In any case, the seasonal analysis may be used to test the realism of the 330 

model air-sea interactions by comparing them with the observations. 331 

 A MCA was thus performed between seasonal SLP and SST or T0-200m anomalies, 332 

independently from the MCA with the annual mean AMOC, without applying any low-pass 333 

filter prior analysis. As illustrated in Fig. 5, the main co-variability occurs when SLP leads or 334 

is in phase, primarily reflecting the oceanic response to the weather variability. When the 335 

ocean leads, the first MCA mode is only significant in winter. In the MCA based on SST, 336 

statistical significance is limited and the mode is 5% significant only when SST leads SLP in 337 

FMA by 1, 10, 11, and 12 months (Fig. 5, dashed line). However, the MCA mode is very 338 

robust in FMA when using T0-200m, which is less affected by weather noise than SST. The SC 339 

is maximum when SLP lags T0-200m by 3 or 4 months, and it remains 5% significant at lag up 340 

to at least 19 months, consistent with the strong persistence of the T0-200m mode (Fig. 5, 341 

continuous curve). As the covariance maps are very similar in the two cases, we show the 342 

more robust results based on T0-200m (Fig. 6). The MCA patterns changes little with lag, 343 

showing that a T0-200m or SST anomaly resembling the AMOC-driven SST anomaly in Fig. 4, 344 
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with a strong warming along the GS/NAC and a slight cooling south of it, precedes a positive 345 

phase of the NAO in winter, again with a deeper Icelandic low as in Fig. 3. Although the 346 

seasonal mode is most significant one month later than in the MCA with the yearly AMOC 347 

(SLP in FMA instead of JFM), it is also seen in the MCA between SLP in JFM and T0-200m, 348 

albeit less robustly. Since it has a striking resemblance to the AMOC imprint on the winter 349 

atmosphere, it confirms the robustness of the analysis and shows that the AMOC influence 350 

can be detected using upper ocean temperature data. This is of interest for climate 351 

predictability, since the upper ocean heat content seems to be more predictable than the 352 

AMOC (Teng et al. 2011). 353 

 354 

5. Oceanic influence on the atmospheric circulation in the oscillatory regime 355 

When the AMOC leads SLP, there is a significant MCA mode in summer and fall, but not 356 

in winter (Fig. 2). Why no AMOC influence is detected in winter seems to be due to the 357 

different SST fingerprint of the AMOC. Indeed, an intensification of the AMOC in the 358 

oscillatory regime is accompanied by a southward shift of the GS and a cooling in the GS 359 

region south of Newfoundland, opposite to the northward shift in the red noise regime. On the 360 

other hand, the NAC shifts northward further east, leading to a warming along it, which is 361 

similar to the AMOC footprint in the red noise regime, but for a larger penetration of the SST 362 

anomalies into the subpolar gyre. This is illustrated in Fig. 7 (left) by the regression of the 363 

surface heat flux in JFM, lagged by 3 yr, onto the AMOC EOF1 time series, which 364 

corresponds to Fig. 4 for the red noise regime. Reflecting the SST modulation by the AMOC 365 

(which resembles the heat flux anomaly), the maximum heat release to the atmosphere in the 366 

oscillatory regime is mostly reduced and shifted southward west of 50°W, but increased and 367 

extended northeastward further east. The AMOC fingerprint on the maximum Eady growth 368 

rate is similar, as the baroclinic growth is reduced and shifted south in the west (instead of 369 
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north in the red noise regime) but increased and shifted north in the east (Fig. 7, right). The 370 

conflicting influence on the maximum growth rate suggests a weaker AMOC impact on the 371 

atmospheric circulation than in the red noise regime, where the Eady growth rate shift is 372 

northward everywhere, perhaps explaining the absence of significant winter MCA modes. 373 

Nonetheless, indirect evidence of a winter response to the AMOC is found in the seasonal 374 

analysis based on the upper ocean heat content. Indeed, a significant oceanic influence on the 375 

atmosphere in JFM to MAM is detected in the MCA between T0-200m and SLP, with maximum 376 

significance in FMA. The SC of the first MCA mode has two maxima when SLP lags by 4 377 

and 15 months, and it is mostly 5% significant when SLP in FMA lags T0-200m by at least 20 378 

months. The mode patterns, which change very little with lag, are shown in Fig. 8 (top). A 379 

strong increase in the upper ocean heat content along the NAC and a strong decrease south of 380 

Newfoundland, plus a weaker one south of the NAC precedes a SLP pattern broadly 381 

resembling a negative phase of the NAO by several months. Note that the heat content 382 

anomaly near the Gulf Stream, where the synoptic perturbations have their maximum growth, 383 

is opposite to that in the red noise regime (compare with Fig. 6), and that the SLP high and 384 

the low have similar amplitude, unlike in the red noise regime where the Icelandic Low was 385 

stronger (see Fig. 3 and 6). Interestingly, the T0-200m anomaly resembles that obtained by 386 

regression onto AMOC PC1 when AMOC and T0-200m are simultaneous (Fig. 8, middle). 387 

However, as the lag with the AMOC increases, the similarity in T0-200m patterns decreases 388 

because the warming spreads cyclonically in the subpolar gyre, as shown for lag 3 (Fig. 8, 389 

bottom) where the T0-200m pattern resembles the heat flux pattern in Fig. 7, consistent with a 390 

negative heat flux feedback. That the atmosphere seems most sensitive to the heat content 391 

pattern that varies in phase with an AMOC intensification may also explain why no 392 

significant AMOC influence was detected in the MCA in Fig. 2, since the simultaneous co-393 

variability between the AMOC and SLP is dominated by the atmosphere forcing of the 394 
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AMOC, thus masking a possible back interaction. If the T0-200m mode in Fig. 8 was indeed an 395 

AMOC footprint, then an AMOC intensification would generate a negative NAO, opposite to 396 

the positive NAO seen in the red noise regime. It would act as a negative feedback, perhaps 397 

contributing to the shorter AMOC time scale in the oscillatory regime. However, a somewhat 398 

different winter SLP response is detected in the seasonal MCA with SST, albeit lacking 399 

robustness, as it is only significant at large lag. For instance it is 5% significant when SST 400 

leads SLP in FMA by 9 to 16 months. As illustrated in Fig. 9, the mode has limited 401 

resemblance with the T0-200m mode in Fig. 8, as the SLP pattern is shifted northward and the 402 

SST anomaly includes a strong warming in the Labrador Sea, and a broader subtropical 403 

cooling. Hence, the SST pattern has only limited resemblance with the AMOC footprint. 404 

Altogether, the results suggest that the AMOC influence on the wintertime atmosphere is not 405 

as robust as in the red noise regime. 406 

On the other hand, the MCA between the AMOC and SLP indicates that in the oscillatory 407 

regime the AMOC influences the atmospheric circulation in summer and fall (Fig. 2). The 408 

strongest signal is found when SLP is in SON, as the first MCA mode is mostly 5% 409 

significant for lag up to 8 years. It shows that an intensification of the AMOC, also highly 410 

similar to AMOC EOF1, precedes a low centered above Iceland, and typically reaching 0.6 411 

hPa (Fig. 10). The SLP response is nearly in spatial quadrature to the model NAO. It broadly 412 

resembles the second SLP EOF in SON (in both regimes), and it has some (limited) similarity 413 

with the East Atlantic pattern or the Scandinavian blocking. It brings cold air directly over the 414 

main deep convection site in the model, which might precondition winter convection, perhaps 415 

further strengthening the AMOC, and warm air over western Europe, where there is a 416 

significant 850 hPa warming exceeding 0.15 K over France, Germany, Sweden, and the 417 

British Iles. The atmospheric response is baroclinic and confined to the surface (not shown). 418 

The lagged regression of the surface heat flux, which resembles the SST footprint of the 419 
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AMOC, and the maximum Eady growth rate in SON on the AMOC MCA time series 420 

obtained at lag 3, lagging it by 3 years, is given in Fig. 11. It again shows that an 421 

intensification of the AMOC is primarily followed in the oscillatory regime by a cooling and 422 

reduced oceanic heat release in the GS region and south of Newfoundland, and a warming and 423 

enhanced heat release along the NAC, which is more extended in the subpolar gyre than in the 424 

red noise regime. The heat flux pattern resembles that in Fig. 7, reflecting that the SST and 425 

heat flux footprint of the AMOC varies very little with the season. The heat released to the 426 

atmosphere is thus shifted south near the GS but north along the NAC. The maximum Eady 427 

growth rate anomaly reflects this pattern, but is small in the west and only significant near the 428 

eastern edge of the region of maximum growth, extending it eastward.  As a result, the storm 429 

track is shifted southward and the transient activity is reduced over the British Isles (not 430 

shown). However, no significant influence on SLP could be found during fall when using 431 

SST or T0-200m in the MCA analysis. It suggests a limited robustness of the AMOC influence 432 

during fall in the oscillatory regime. 433 

We also investigated the lack of significant MCA mode during fall in the red noise 434 

regime. It was found that the SST modulation by the AMOC only significantly impacted the 435 

low-level baroclinicity downstream of the region of maximum growth, thus weakening but 436 

not shifting meridionally the maximum Eady growth rate and the storm track activity (not 437 

shown). This suggests that the atmosphere in CCSM3 is most sensitive to meridional shifts in 438 

the baroclinicity of the jet exit region, which would be consistent with the prevalence of the 439 

meridional storm track shifts over the exit region in this simulation, as noted by Alexander et 440 

al. (2006). In addition, the heat fluxes and the baroclinicity are weaker during fall, so it is 441 

expected that the AMOC influence will be weaker. We can also speculate that the limited 442 

robustness of the AMOC influence during fall occurs because in the model the maximum 443 

eddy growth occurs upstream over land and is thus less sensitive to the AMOC SST footprint. 444 
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There is also some significant summer SLP response to the AMOC, with patterns similar to 445 

those in Fig. 10, except that the SLP low is displaced eastward and centered over Greenland, 446 

while there is a weaker high over Scandinavia (not shown). Hints of this response could be 447 

found using the MCA between SST and SLP.  448 

Danabasoglu (2008) has argued that the SST footprint of the AMOC (Fig. 8 and 11) does 449 

not solely reflect an AMOC influence as the cooling-warming along the GS/NAC reflected 450 

opposing meridional shifts of the subtropical-subpolar gyre boundary driven by small-scale 451 

features in the local wind stress curl (the quadripolar wind stress curl pattern in his Fig. 6), 452 

thus being only indirectly associated with the AMOC. However, a closer examination reveals 453 

that this wind stress curl pattern reflects instead the wind vorticity response to the anomalous 454 

crosswind SST gradient caused by the meridional displacements of the GS/NAC front, as the 455 

westerlies along the NAC get stronger over the warm ocean due to enhanced vertical mixing, 456 

and vice versa. This is shown by the regression on the latter in Fig. 12, where the wind stress 457 

curl is positive when SST decreases crosswind and negative when SST increases crosswind 458 

(Chelton et al. 2001; O’Neil et al. 2010). A similar signal is found in the red noise regime, 459 

except that the wind stress curl is positive near the Gulf Stream, consistent with its northward 460 

shift. Because of its small scale, this local atmospheric response is not detected in MCA based 461 

on SLP in the North Atlantic sector. 462 

 463 

6. Comparison with the observations  464 

Extending the analysis of Czaja and Frankignoul (2002), GDF used the 20th century 465 

NOAA-CIRES reanalysis (Compo et al. 2011) during 1901–2005 to investigate the influence 466 

of North Atlantic SST anomalies on the observed atmospheric circulation. The 20th century 467 

reanalysis was forced with the HadISST sea-ice and SST (Rayner et al. 2003) and only 468 

assimilates surface pressure reports. GDF used the ensemble mean 500-hPa geopotential 469 
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height anomalies (Z500), which are strongly linked to SLP because of the equivalent 470 

barotropic character of the main patterns of extratropical atmospheric variability. The 471 

warming trend due to increasing greenhouse gas concentrations during the 20th century was 472 

removed from the SST by linear inverse modeling (Marini and Frankignoul 2013). Lacking a 473 

better model, a third order trend was removed from the geopotential height. GDF found that 474 

the first MCA mode was only significant when SST leads the atmosphere in early winter, 475 

with maximum covariance when Z500 is in NDJ. The mode is robust, showing that a North 476 

Alantic SST anomaly with a horseshoe pattern precedes an NAO-like signal (Fig. 13). It 477 

resembles that in Czaja and Frankignoul (2002), except that the warming in the subpolar 478 

region is stronger. This is due to the longer data set and the strength of low-frequency 479 

fluctuations in the subpolar domain, which were largely filtered by removing a cubic trend in 480 

Czaja and Frankignoul (2002). The atmospheric response is likely to be due to the interaction 481 

between the baroclinic response to the associated anomalous heating and the Atlantic storm 482 

track, but modeling studies have not been successful at reproducing it (e.g. Peng et al. 2005). 483 

GDF have shown that the observed North Atlantic horseshoe SST is closely related to the 484 

AMO, as it has a similar pattern (Fig. 14, bottom) and similar low-frequency variability.  485 

In both regimes, however, the corresponding CCSM3 modes (Fig. 6, 8, and 9) 486 

compare poorly to observed mode in Fig. 13. This occurs because the North Atlantic SST 487 

variability is largely dominated in CCSM3 by the strong meridional shifts of the GS/NAC, 488 

unlike in the observations. Correspondingly, the AMO pattern in CCSM3 is not realistic, as 489 

noted by Danabasoglu (2008) and illustrated in Fig. 14. Nonetheless, the mechanism of the 490 

wintertime atmospheric response in CCSM3 seems similar to that found in climate models 491 

producing more realistic SST pattern, such as IPSL-CM5, since in all cases the response 492 

appears to be consistent with AMOC-driven meridional shifts of oceanic heat release and 493 

baroclinicity in the jet exit region (GF12). However, the possible link to meridional GS shifts 494 
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was not investigated in the other models.  495 

 496 

7. Conclusions  497 

In CCSM3 T85, the influence of the AMOC variability on the large-scale atmospheric 498 

circulation, as detected by MCA between the meridional overturning streamfunction and SLP, 499 

varies with the AMOC regime. In the red noise regime seen in the last 250 years of the 500 

control simulation, an AMOC intensification, whose pattern closely resembles the first 501 

AMOC EOF, tends to lead a positive NAO during winter. The atmospheric response seems to 502 

arise from the northward shift of the maximum heat release to the atmosphere, which is 503 

caused by the northward shift of the GS/NAC driven by, or co-varying with, an AMOC 504 

intensification. This alters the baroclinicity of the lower troposphere and shifts the maximum 505 

Eady growth rate northward, which similarly displaces the North Atlantic storm track and 506 

favors a positive NAO. Although the signal-to noise ratio is low, the mode is robust and it is 507 

detected at the seasonal scale detected in the relation between upper ocean heat content 508 

anomalies and late winter SLP anomalies. However, the correlation between the AMOC and 509 

SLP times series associated with the first MCA is small (the maximum cross-validated 510 

correlation is 0.29). About 7.5% of the NAO JFM variance (after ¼ , ½ , ¼  smoothing) is 511 

explained by the atmospheric response, so that only a small fraction of the winter-to-winter 512 

NAO fluctuations may be predictable, if the AMOC changes can be predicted. However, as 513 

the AMOC only varies slowly, the percentage of explained variance should be larger at low 514 

frequency. As the AMOC is largely stochastically forced by the NAO (Kwon and 515 

Frankignoul 2012), a positive NAO leading to an intensified AMOC, the atmospheric 516 

response should act as a weak positive feedback, thereby enhancing the AMOC persistence.  517 

In the oscillatory regime, the AMOC influence on the large-scale atmospheric 518 

circulation seems less robust, even if the AMOC variability is much stronger with large 519 
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oscillations with a 20-yr period. No direct AMOC influence on SLP could be detected by 520 

MCA, but an upper ocean heat content anomaly that resembles the in-phase footprint of the 521 

AMOC was found by MCA to precede a negative NAO in winter. The polarity of the NAO 522 

response, opposite to that in the red noise regime, seems due to the southward shift of the GS 523 

that occurs during AMOC intensification in this regime, which displaces the maximum 524 

baroclinicity southward in the jet exit region. We speculate that the mode could not be 525 

detected in the MCA with the AMOC because the upper ocean heat content footprint of the 526 

AMOC evolves rapidly in this regime, reflecting the progressive penetration of heat content 527 

anomalies into the subpolar gyre. Indeed, the upper heat content pattern detected in the 528 

seasonal analysis only resembles the AMOC footprint at zero lag. Since the MCA between 529 

AMOC and SLP is dominated at zero lag by the AMOC response to the atmosphere, its back 530 

interaction on the atmosphere is masked and cannot be detected without lagging the AMOC, 531 

which alters its heat content footprint. A winter mode is also found using SST in the seasonal 532 

analysis, but with somewhat different patterns, suggesting that the wintertime climatic impact 533 

of the AMOC lacks robustness. Nonetheless, if an AMOC intensification is forcing a negative 534 

NAO in this regime, it would act as a weak negative feedback, thus reducing the AMOC time 535 

scale and favoring the oscillatory behavior. Note that Teng et al. (2011) also found that an 536 

AMOC intensification tends to drive a negative NAO in winter in the lower resolution 537 

CCSM3 T42, which also has a strong 20-yr variability. In the oscillatory regime, a significant 538 

AMOC influence is detected by MCA during fall and summer, when an intensification of the 539 

AMOC precedes an East Atlantic pattern-like SLP signal. However, the mode is not detected 540 

in the MCA based on seasonal upper ocean heat content or SST anomalies. This suggests that 541 

the atmospheric response to the AMOC is less robust in the oscillatory regime. Hence, 542 

although the AMOC is more predictable in the oscillatory regime (-0.5 autocorrelation at a lag 543 

of 11 yr) than in the red noise regime (10-yr e-folding time), its climate impacts are likely to 544 
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be more predictable in the red noise regime, where the AMOC influence on the winter NAO 545 

is larger and more robust. 546 

A likely cause for the different atmospheric response to the AMOC in the two regimes is 547 

the different SST footprint of an AMOC strengthening along the GS/NAC front, which 548 

evolves from a east-west dipole (southward shift of the GS and northward shift of the NAC) 549 

in the oscillatory regime into a monopole (northward shift of both GS and NAC) in the red 550 

noise regime. We speculate that the GS link to the AMOC differs in the two regimes because 551 

of the different strength of the DWBC when it meets the GS near Cape Hatteras (Fig.1). In the 552 

oscillatory regime, the DWBC is strong and the bottom vortex stretching due to its 553 

strengthening may shift the GS south, as discussed by Zhang and Vallis  (2007). In the red 554 

noise regime, the DWBC is weaker and the vortex stretching is unable to compensate the 555 

northward shift caused (in both regimes) near the western flank of the Mid-Atlantic ridge by 556 

its crossing under the NAC. Which regime is more realistic is difficult to ascertain, however, 557 

as modeling and observational studies give conflicting results. Indeed, oceanic hindcasts 558 

generally show that the GS shifts northward when the AMOC and the subpolar gyre 559 

strengthen in response to NAO forcing (e.g., de Coëlogon et al. 2006; Kwon et al. 2011), 560 

while in the GFDL CM2.1 model, an AMOC strengthening is associated with a weaker 561 

subpolar gyre and a southward GS (Zhang 2008). Joyce and Zhang (2010) give some 562 

observational support for the latter relation, but there is little consensus on past AMOC 563 

variations or the relation between subpolar gyre and AMOC changes. The different GS shifts 564 

influence differently the oceanic heat release to the atmosphere and the low level baroclinicity 565 

in the storm track. In the oscillatory regime, cooling in the GS region shifts the maximum 566 

Eady growth rate southward in the jet exit region, but warming along the NAC shifts it 567 

northward, resulting in conflicting influence on the growth of transient eddies, although the 568 

former effect seems to dominate. In the red noise regime, on the other hand, the low-level 569 
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maximum baroclinicity is shifted northward all along the GS/NAC, resulting in a more robust 570 

impact on the NAO. Our hypothesis of a high sensitivity of the atmosphere in CCSM3 to the 571 

meridional shifts of the baroclinicity in the jet exit region needs to be verified, but it seems 572 

consistent with the fact that, in CCSM3, the meridional shifts of the storm track in the jet exit 573 

are a more prevalent mode of variability than storm track strengthening (Alexander et al. 574 

2006). However, small changes in the climatology may also contribute to the different 575 

atmospheric response in the two regimes, as the GS/NAC is further south and the surface 576 

westerlies slightly weaker in the red noise regime. A high sensitivity to meridional shifts in 577 

atmospheric baroclinicity may also explain the lack of robustness of the fall response in the 578 

oscillatory regime and the absence of a fall response in the red noise regime, since the SST 579 

footprint of the AMOC did not shift meridionally the baroclinicity in this season. In addition, 580 

the heat fluxes and the baroclinicity are weaker during fall, so it is expected that the AMOC 581 

influence will be weaker. We can also speculate that the limited robustness of the AMOC 582 

influence during fall occurs because in the model the maximum eddy growth occurs upstream 583 

over land and is thus less sensitive to the AMOC SST footprint. The seasonal change of the 584 

mean atmospheric state could also be crucial, as in Peng et al. (1997).  585 

The strong impact of frontal displacements in CCSM3 is also seen locally in the 586 

relation between surface wind vorticity and GS/NAC displacement, which is consistent with 587 

the response of the atmospheric boundary layer to the anomalous crosswind SST gradient. 588 

Hence, the quadripolar wind stress curl pattern associated in the oscillatory regime with the 589 

AMOC does not reflect the wind stress curl forcing of the subtropical-subpolar gyre boundary, 590 

as hypothesized by Danabasoglu (2008), but reflects the local response to the frontal shift co-591 

varying with the AMOC. 592 

An influence of AMOC-driven meridional shifts in the low level baroclinicity was also 593 

found in IPSL-CM5 and in five other climate models using a lower atmospheric resolution 594 
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(GF12). However, the winter response to an AMOC intensification was a negative NAO in 595 

theses models, as the SST footprint of the AMOC was different, resulting in particular in a 596 

southward shift of the maximum Eady growth rate, albeit with no obvious link to GS path 597 

changes. The mechanism of the atmospheric response thus appears to be similar in each 598 

model, but the AMOC influence on the upper ocean may be different. This emphasizes the 599 

need to compare the atmospheric response to oceanic forcing with observational evidence. 600 

This was done for IPSL-CM5 by GDF, who found a good agreement between the winter 601 

atmospheric response to North Atlantic SST anomalies in the model and the observed 602 

influence of the North Atlantic horseshoe SST anomaly on the NAO in early winter (Czaja 603 

and Frankignoul 1999, 2002). A similar comparison indicates that in both CCSM3 regimes, 604 

the influence of SST or upper ocean heat content anomalies on the atmospheric circulation 605 

that was detected at the seasonal scale does not compare favorably to the observations 606 

because the SST anomaly patterns are strongly influenced in CCSM3 by the meridional shifts 607 

of the GS and the NAC, which is not realistic. The discrepancy with the observations is also 608 

apparent in the AMO pattern, which in both regimes compare poorly to the observed one, as 609 

noted by Danabasoglu (2008). Hence, although the AMOC influence on the atmosphere that 610 

we have documented for CCSM3 raises the hope that some low-frequency NAO variations 611 

might be predictable, in particular in the red noise regime, the signal will not be realistic. This 612 

should also be kept in mind when investigating climate changes, stressing the need to test the 613 

air-sea interactions in climate models. 614 
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 744 

 745 

Figure Captions 746 

 747 

Fig. 1. Climatological mean in the red noise regime (left) and mean difference with the 748 

oscillatory regime (right) of, from top to bottom, SST (color shading in K) and sea level 749 

pressure in the cold season from November to March (contour in hPa, zero line omitted), 750 

AMOC (in Sv), and 2000-3000m velocity (in cm/s). Note that only the vectors greater than 751 

0.2 cm/s are plotted for the mean difference of 2000-3000 m velocity. The red continuous 752 

(dashed) line indicates the Gulf Stream position for the red noise (oscillatory) regime.  753 

 754 

Fig. 2 SC (in 104 hPa2 Sv2) of the first MCA mode between SLP and the AMOC in the 755 

oscillatory (left) and red noise (right) regimes. The light (dark) grey shade indicates SC 756 

significance at the 10% (5%) level. The lag is positive when the AMOC leads and negative 757 

when it lags. A cross indicates the lag for which the patterns will be illustrated in Fig. 3 and 758 

10.  759 

 760 

Fig. 3 Top: Heterogeneous map of the yearly AMOC (left, in Sv) and homogeneous map of 761 

JFM SLP (right, in hPa) for the first MCA mode in the red noise regime when SLP leads the 762 

AMOC by 1 yr. Bottom: Corresponding homogeneous map of the yearly AMOC and 763 

heterogeneous map of JFM SLP when SLP lags the AMOC by 3 yr. The SC (in 104 hPa2 Sv2), 764 

the correlation R and their estimated significance level are indicated. 765 
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 766 

Fig. 4. Regression in the red noise regime of (top left) winter JFM SST (in K, mean GS/NAC 767 

position in red), (top right) upward surface heat flux (Wm-2, climatology in thin black 768 

contours), (bottom left) Eady growth rate (in 10-2 day-1, climatology in red contours with 769 

contour at 0.5 and 0.8 day-1), and (bottom right) 300 hPa geopotential height daily bandpass 770 

(2.2-6 days) standard deviation (m, climatology in red contours) onto the AMOC time series 771 

obtained at lag 3, lagging it by 3 yr. The thick black contours (omitted for clarity in the top 772 

right panel) indicate 5% significance.  773 

 774 

Fig. 5. SC (in 104 hPa2 K2) of the first MCA mode as a function of time lag (in month, 775 

positive when SLP lags) for SLP anomalies in FMA and T0-200m (solid curve) or SST (dashed 776 

curve) anomalies in the red noise regime. Full circles indicate 5% significance. 777 

 778 

Fig. 6.  Homogeneous covariance map of T0-200m (color shading in K) in OND and 779 

heterogeneous covariance map of SLP (hPa, contour interval 0.2 hPa) in FMA, 4 months later, 780 

for the first MCA mode in the red noise regime. The SC (in 104 hPa2 K2) and the correlation R 781 

are given with estimated significance level.  782 

 783 

Fig. 7. Regression of the JFM (left) upward surface heat flux (W m-2, climatology in thin 784 

black contours) and (right) Eady growth rate (in 10-2 day-1, contour interval 0.5 10-2 day-1, 785 

climatology in red with contour at 0.5 and 0.8 day-1) onto the AMOC PC1 3 years earlier in 786 

the oscillatory regime. The thick black contour in the right panel indicates 5% significance.  787 

 788 

Fig. 8 (Top) Homogeneous covariance map of T0-200m (in K) in OND and heterogeneous 789 

covariance map of SLP (contours in hPa) in FMA, 4 months later, for the first MCA mode in 790 
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the oscillatory regime. The SC (in 104 hPa2 K2) and the correlation R are given with the 791 

estimated significance level. (Middle) Regression of T0-200m (in K) in OND on AMOC PC1 in 792 

the oscillatory regime in phase and (Bottom) lagged by 3 yr. 793 

 794 

Fig. 9. Homogeneous covariance map of SST (color shading in K) in MJJ and heterogeneous 795 

covariance map of SLP (hPa, contour interval 0.2 hPa) in FMA, 9 months later, for the first 796 

MCA mode in the oscillatory regime. The SC (in 104 hPa2 K2) and R are given with the 797 

estimated significance level.  798 

 799 

Fig. 10. Homogeneous map of the yearly AMOC (left, in Sv) and heterogeneous map of SON 800 

SLP (right, in hPa) for the first MCA mode in the oscillatory regime when SLP lags by 3 yr. 801 

The SC (in 104 hPa2 Sv2), the correlation R and their estimated significance level are indicated.  802 

 803 

Fig. 11. Lagged regression of SON (left) upward surface heat flux (Wm-2, climatology in thin 804 

black contours), (right) Eady growth rate (in 10-2 day-1, contour interval 0.5 10-2 day-1, 805 

climatology in red with contour at 0.5 and 0.8 day-1) onto the AMOC time series in the 806 

oscillatory regime. The thick black contours in the right panel indicate 5% significance. 807 

 808 

Fig. 12. Regression of SST (color shading in K) and wind stress curl (contour interval 10-8 809 

Nm-3, zero contour omitted) on the meridional position of the NAC at 30°W in the oscillatory 810 

regime. The mean position of the GS/NAC is given by the yellow curve. 811 

 812 

Fig. 13 Homogeneous covariance map of SST (color shading in K) in JAS and heterogeneous 813 

covariance map of Z500 (contour in m) in NDJ in the 20th century reanalysis. The lag (in 814 
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month) is indicated. The SC (in 106 m2 K2) and R are given with the estimated significance 815 

level. (From GDF). 816 

 817 

Fig. 14. AMO (in K) defined by the regression of the 10-year low-pass filtered, mean Atlantic 818 

SST over 10–60° N onto the SST in the red noise regime of CCSM3 (top) and, after 819 

subtraction of the global trend, in HadISST (bottom). 820 

  821 
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 822 

 823 
 824 

Fig. 1. Climatological mean in the red noise regime (left) and mean difference with the 825 

oscillatory regime (right) of, from top to bottom, SST (color shading in K) and sea level 826 

pressure in the cold season from November to March (contour in hPa, zero line omitted), 827 

AMOC (in Sv), and 2000-3000m velocity (in cm/s). Note that only the vectors greater than 828 

0.2 cm/s are plotted for the mean difference of 2000-3000 m velocity. The red continuous 829 

(dashed) line indicates the Gulf Stream position for the red noise (oscillatory) regime.  830 
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 831 

     832 
 833 

Fig. 2 SC (in 104 hPa2 Sv2) of the first MCA mode between SLP and the AMOC in the 834 

oscillatory (left) and red noise (right) regimes. The light (dark) grey shade indicates SC 835 

significance at the 10% (5%) level. The lag is positive when the AMOC leads and negative 836 

when it lags. A cross indicates the lag for which the patterns will be illustrated in Fig. 3 and 837 

10.  838 

 839 

 840 

 841 

 842 
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 843 

 844 

 845 

Fig. 3 Top: Heterogeneous map of the yearly AMOC (left, in Sv) and homogeneous map of 846 

JFM SLP (right, in hPa) for the first MCA mode in the red noise regime when SLP leads the 847 

AMOC by 1 yr. Bottom: Corresponding homogeneous map of the yearly AMOC and 848 

heterogeneous map of JFM SLP when SLP lags the AMOC by 3 yr. The SC (in 104 hPa2 Sv2), 849 

the correlation R and their estimated significance level are indicated.  850 

 851 

 852 

 853 

 854 
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 855 
 856 

Fig. 4. Regression in the red noise regime of (top left) winter JFM SST (in K, mean GS/NAC 857 

position in red), (top right) upward surface heat flux (Wm-2, climatology in thin black 858 

contours), (bottom left) Eady growth rate (in 10-2 day-1, climatology in red contours with 859 

contour at 0.5 and 0.8 day-1), and (bottom right) 300 hPa geopotential height daily bandpass 860 

(2.2-6 days) standard deviation (m, climatology in red contours) onto the AMOC time series 861 

obtained at lag 3, lagging it by 3 yr. The thick black contours (omitted for clarity in the top 862 

right panel) indicate 5% significance.  863 

 864 
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 865 

  866 

Fig. 5. SC (in 104 hPa2 K2) of the first MCA mode as a function of time lag (in month, 867 

positive when SLP lags) for SLP anomalies in FMA and T0-200m (solid curve) or SST (dashed 868 

curve) anomalies in the red noise regime. Full circles indicate 5% significance. 869 

 870 

 871 

 872 

 873 

 874 

Fig. 6.  Homogeneous covariance map of T0-200m (color shading in K) in OND and 875 

heterogeneous covariance map of SLP (hPa, contour interval 0.2 hPa) in FMA, 4 months later, 876 

for the first MCA mode in the red noise regime. The SC (in 104 hPa2 K2) and the correlation R 877 

are given with estimated significance level.  878 
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 879 

 880 

 881 

Fig. 7. Regression of the JFM (left) upward surface heat flux (W m-2, climatology in thin 882 

black contours) and (right) Eady growth rate (in 10-2 day-1, contour interval 0.5 10-2 day-1, 883 

climatology in red with contour at 0.5 and 0.8 day-1) onto the AMOC PC1 3 years earlier in 884 

the oscillatory regime. The thick black contour in the right panel indicates 5% significance.  885 

 886 

 887 
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 888 

Fig. 8 (Top) Homogeneous covariance map of T0-200m (color shading in K) in OND and 889 

heterogeneous covariance map of SLP (contours in hPa) in FMA, 4 months later, for the first 890 

MCA mode in the oscillatory regime. The SC (in 104 hPa2 K2) and the correlation R are given 891 

with the estimated significance level. (Middle) Regression of T0-200m (in K) in OND on AMOC 892 

PC1 in the oscillatory regime in phase and (Bottom) lagged by 3 yr. 893 

 894 

 895 
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 896 

 897 

Fig. 9. Homogeneous covariance map of SST (in K) in MJJ and heterogeneous covariance 898 

map of SLP (hPa, contour interval 0.2 hPa) in FMA, 9 months later, for the first MCA mode 899 

in the oscillatory regime. The SC (in 104 hPa2 K2) and R are given with the estimated 900 

significance level.  901 

 902 

 903 
 904 

 905 

Fig. 10. Homogeneous map of the yearly AMOC (left, in Sv) and heterogeneous map of SON 906 

SLP (right, in hPa) for the first MCA mode in the oscillatory regime when SLP lags by 3 yr. 907 

The SC (in 104 hPa2 Sv2), the correlation R and their estimated significance level are indicated.  908 
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 909 

 910 

 911 

Fig. 11. Lagged regression of SON (left) upward surface heat flux (Wm-2, climatology in thin 912 

black contours), (right) Eady growth rate (in 10-2 day-1, contour interval 0.5 10-2 day-1, 913 

climatology in red with contour at 0.5 and 0.8 day-1) onto the AMOC time series in the 914 

oscillatory regime. The thick black contours in the right panel indicate 5% significance.  915 

 916 

 917 

 918 

 919 

Fig. 12. Regression of SST (color shading in K) and wind stress curl (contour interval 10-8 920 

Nm-3, zero contour omitted) on the meridional position of the NAC at 30°W in the oscillatory 921 

regime. The mean position of the GS/NAC is given by the yellow curve. 922 

 923 
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   924 

 925 

Fig. 13 Homogeneous covariance map of SST (color shading in K) in JAS and heterogeneous 926 

covariance map of Z500 (contour in m) in NDJ in the 20th century reanalysis. The lag (in 927 

month) is indicated. The SC (in 106 m2 K2) and R are given with the estimated significance 928 

level. (From GDF.) 929 

 930 
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   931 

 932 

Fig. 14. AMO (in K) defined by the regression of the 10-year low-pass filtered, mean Atlantic 933 

SST over 10–60° N onto the SST in the red noise regime of CCSM3 (top) and, after 934 

subtraction of the global trend, in HadISST (bottom). 935 

 936 


