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Abstract. Using the ECHAMS5/MPI-OM model, we study variations of the AMOC Delworth and Mann200Q Knight

the relation between the variations in the Atlantic meridional et al, 2005 Dijkstra et al, 2006. In particular, a positive
overturning circulation (AMOC) and both the Pacific sea sur- AMO (relatively high North Atlantic SSTs) has been found
face temperature (SST) and the EfiNiSouthern Oscillation  to be associated with a strong AMO&r(ight et al, 2005,
(ENSO) amplitude. In a 17-member 20C3M/SRES-A1b en-possibly with a phase lag between the maximum AMO and
semble for 1950-2100 the Pacific response to AMOC variathe maximum AMOC Dijkstra et al, 200§. Using a cou-
tions on different time scales and amplitudes is consideredpled ocean-atmosphere GCNdong et al.(200§ suggest

The Pacific response to AMOC variations associated with thehat latent heat anomalies associated with a positive phase of
Atlantic Multidecadal Oscillation (AMO) is very small. Ina the AMO lead to a deeper equatorial thermocline in the Pa-
5-member hosing ensemble where the AMOC collapses dueific through anomalous easterly winds. This in turn reduces
to a large freshwater anomaly, the Pacific SST response iENSO variance in the modebutton and Hodso(2007) also
large and in agreement with previous work. Our results showshow that large-scale temperature anomalies in the North At-
that the modelled connection between AMOC and ENSO de{antic Ocean can affect the tropical Pacific region.

pends very strongly on the frequency and/or the modelled

amplitude of the AMOC variations. Interannual AMOC vari-
ations, decadal AMOC variations and an AMOC collapse
lead to entirely different responses in the Pacific Ocean.

Modelling studies in which a substantial weakening of
the AMOC is induced by large freshwater anomalies indi-
cate that changes in the AMOC can affect the tropical Pa-
cific mean state, as well as ENSO amplitudeslliinga and
Wood 2002 Zhang and Delwortt2005 Timmermann et a).
2005 2007. Timmermann et al(2005 show that a deep-

1 Introduction ening of the equatorial thermocline in the eastern equatorial
Pacific is brought about by oceanic waves after a collapse
Decadal to multidecadal modulations of the amplitude of of the AMOC. Zhang and Delwortt§2005 show that cool-
ENSO have been found in observations of SST, sea leveing in the tropical Atlantic results in a southward shift of the
pressure and rainfall (e.gTorrence and Websted999. ITCZ, leading to upwelling and thus cooling (downwelling
Recently, multidecadal SST variations associated with theand thus warming) north (south) of the equator in the tropical
AMO have been suggested as a possible explanation for loweastern Pacific. A similar atmospheric bridge was found by
frequency ENSO variability fong et al, 2006 Timmer- Timmermann et al2007) in five coupled ocean-atmosphere
mann et al.2007). The large-scale SST pattern of the AMO GCMs. Although a collapse of the AMOC is unlikely in
in the North Atlantic is thought to be related to multidecadal the near future, these results are considered to be of use in
the current climate as an indication of the effects of natural

Correspondence to: variability of the AMOC, such as those associated with the
G. J. van Oldenborgh AMO. However, the modelled AMOC variations related to
BY (oldenborgh@knmi.nl) natural climate variability are much smaller than the 50-80%
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reduction typically induced by large freshwater anomalies.Apart from this additional freshwater input, the forcing is the
The same holds for observations, considering the AMO in-same as in the standard ensemble. With the hosing ensemble
dex as a proxy of AMOC variability. the Pacific response to a large, long lasting variation in the

Chang et al(2008 showed that in the first stage of hosing- AMOC is investigated, whereas with the standard ensemble
experiments changes in tropical Atlantic SST are relativelywe study the influence of relatively small amplitude natural
small. The second stage starts after reaching a threshold ivariability in the AMOC on the Pacific.
the AMOC beyond which more drastic warming takes place To compare with observations we use the HadSST2 SST
in this region. This threshold is reached when the strengttanalysis Rayner et al.2006 and the HadISST1 SST recon-
of the AMOC is reduced to that of the wind-driven subtrop- struction Rayner et al.2003. For the AMO teleconnections
ical cell. Here we follow up on this study with the ques- overland we used the CRU TS 3 datasets. We do not use data
tion whether the response of the Pacific to a collapse to thdefore 1900 because of the large uncertainties.
AMOC can be compared to that of interannual to multi-
decadal natural variability in the AMOC.

We compare the effect of AMOC changes on the tropical3 Results
Pacific SST and ENSO amplitude using two ensembles of
runs performed with the coupled ECHAM5/MPI-OM model. The AMO index has been calculated as the average of
Using a 17-member ensemble of climate runs for the periodnonthly SST anomalies with respect to the ensemble mean
1950-2100 under the 20C3M/SRES-A1b scenario, we firsover the North Atlantic north of Z3N (75> W-7"W, 25° N—
study the response of the tropical Pacific to AMO and re-60° N) This differs from the usual definitions in two aspects.
lated AMOC variations. Next, the tropical Pacific responseFirst, the tropical Atlantic has been omitted. This region
to a forced collapse of the AMOC is investigated in a 5- is influenced by well-known ENSO teleconnectio@zgja

member ensemble performed with the same model for thét al, 2009. Even with a 5-yr running mean, the correla-
period 2000—2100. tion between tropical North Atlantic SST (EQ-29) and

the Nifio 3.4 index is 0.4&0.04 in the model and 0.240.48

in the observations (here and in the following the errors rep-
2 Model, simulations and observational datasets resent a symmetricalo2(95%) uncertainty range). As we

want to study teleconnections from the North Atlantic to the
All experiments are part of the ESSENCE projetel et al, ENSO region, inclusion of the tropical Atlantic would con-
2008 and have been conducted with the ECHAM5/MPI-OM fuse the issue. The effect of the different domain size in the
coupled climate model, which is described®geckner etal. AMO index is not large; in the ESSENCE ensemble the av-
(2003 andMarsland et al(2003. Although the model suf-  erage from the equator to 8N is strongly correlated to the
fers from a too pronounced and too far westward extendingaverage from 25N—-60° N, »=0.82 + 0.04 with a 5-yr run-
Pacific equatorial cold tongue, the simulated ENSO as wellning mean.
as the thermohaline circulation are quite reasonaldierg- The second difference concerns the subtraction of the triv-
land et al, 2003 Jungclaus et 8l.2006 van Oldenborgh ial effects of global warming on an SST average {@En-
et al, 2005. The model is run in the configuration used for berth and Shea2006. In the large ESSENCE ensemble
the AR4 climate scenario runs, with a horizontal resolution subtracting the ensemble mean easily separates the internal
of T63 and 31 vertical hybrid levels in the atmosphere and arvariability from the externally forced temperature rise. In the
average horizontal resolution of 2.&nd 40 vertical layers in  observations, this is not so straightforward. Guided by the
the ocean. observation that in the model the internal AMO and global

The standard ensemble consists of 17 runs over the periothean temperature fluctuations are very weakly correlated
1950-2100. Greenhouse gas and tropospheric aerosol cofr=0.25, see alswan Oldenborgh et 12009 we define the
centrations are specified from observations for 1950-200AMO index in the observations as the averaged SST in the
and follow the SRES-A1b scenario for 2001-2100. The runsNorth Atlantic minus the regression of this SST on global
are initialised from the year 1950 of a 20th century simula- mean temperature. This index is very similar to the one de-
tion, with the atmospheric temperature perturbed by addindgined by Trenberth and She2006.
Gaussian noise with an 0@ amplitude. The large ensem-  Our AMO index shows variations 6£0.4°C to 0.£C in
ble allows a clean separation of internal variability and theindividual members of the standard ensemble (E&). The
forced signal. The latter is well-represented by the ensemblatandard deviation is 0.11 K with a 5-yr running mean. These
mean, the former by anomalies with respect to the ensemblamplitudes are in reasonable agreement with observations,
mean. see Fig.lb andTrenberth and She@006. Earlier publica-
The hosing ensemble consists of 5 members, each initions that subtract a linear trenBrffield et al, 200% Knight

tialised from the year 2000 from a different member of the et al, 2005 Sutton and Hodsqr2005 tend to give some-
standard ensemble. A 1 Sv freshwater anomaly was added iwhat higher values, as their AMO index is contaminated by
an area near Greenland from the end of year 2000 onwardshe non-linear global warming trend.
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Fig. 1. (a) AMO index (red) and maximum AMOC at 3] (blue) for standard ensemble member(#) AMO index in the observations
(HadSST2)(c) Lag correlation between maximum AMOC at°38 and the AMO index. For positive lags the AMOC is leading. The green
band indicates the 95% confidence interval based on a decorrelation time scale of §djezpectrum of the AMO index in the ESSENCE
experiments, the green line indicates the 95% upper bound of an AR(1) process with the same autocorrelation at (&) 3amarfor the

observations(f) Spectrum of the AMOC index in the model.

The maximum AMOC at 35N varies about 1 Sv around
the ensemble mean (Fitg). As there is only one 5-yr period
of observations at 2623, and reanalyses vary wildly, we
cannot compare this to observations.

The multidecadal variability in the modelled AMO and
AMOC has a broad peak at about 20 years.

The correlation between the AMO index and the AMOC
for all standard ensemble members together is 0.55, with the
overturning leading by about 2 years (Flg). Hence there is
a significant relation between the AMO and the multidecadal
AMOC variability in this model. The fact that the AMO

In the AMOCindex lags the maximum AMOC is in agreement with the

there is a second peak at 50 years. Both spectra show a lonfgechanism of the AMO as suggested’mRaa and Dijkstra

tail with higher periods (Figsld, f). This is very similar to
what was found bypong and Suttorf2005 in the HadCM3
model, and byKeenlyside et al(2008 in another configura-
tion of the MPI model.Jungclaus et a(2005 found a peak

(2002. As the correlation between the AMO index and the
AMOC is 0.55 we investigate the response of the Pacific to
changes in both the AMO and the AMOC.

Figures?a, b show the modelled and observed teleconnec-

at 70-80 years in a control run of a model configuration thattions of the AMO to SST worldwide. The patterns are quite
is more similar to the one used in ESSENCE. These longsimilar, except for the tropical Atlantic, where the model
periods are difficult to detect in the 150-year transient runsdoes not reproduce the observed teleconnection to SST north
described here. The uncertainties on the spectrum of the olsf the equator. The correlation between our AMO index and
served AMO (Fig.1e) are very large (almost as large as the SST averaged over EQ-2N, 60° W—20° W is 0.6G£0.25 in
value in this spectrum). Within these large uncertainties thethe observations but only 0.18.06 in the model. Probably
observations and model agree reasonably well. related to this model bias, Sahel rainfall is not affected by the
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model regression SST on AMO, 5-yr running mean obs regression SST on AMO, 5-yr running mean
25 (D)
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obs regression SST on AMO, annual mean

Fig. 2. (a) Regression [K/K] of model SST on the model AMO index (5-yr running mean, anomaliesw.r.t. the ensemble f@an).
Regression [K/K] of HadISST1 SST on the HadSST2 AMO index (5-yr running mean, regressigjbge4 subtracted).(c) Regression
[K/Sv] of SST on maximum AMOC at 35N (5-yr running mean)(d-f) As (a-c) but for annual means. Areas for which thesalue exceeds
10% in a two-sided-test are not shaded.
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model correlation T2m with AMO, 5-yr running mean obs correlation T2m/SST with AMO, 5-yr running mean
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Fig. 3. (a) Correlation of model 2m-temperature on the model AMO index (5-yr running mean, anomaliesw.r.t. the ensemblélhean).
Correlation of HadISST1 SST and CRU TS3 T2m on the HadSST2 AMO index (5-yr running mean, regresgigpgsubtracted)(c)
and(d) Same for precipitation. Shading as in Fay.

AMO in this model (Figs3c,d, cf.Biasutti et al, 2006. The running means of the Ro 3.4 index and the maximum
teleconnection to the Caribbean Sea°(i620° N, 90° W— AMOC at 35 N. These correlations are even lower, with
60° W) is also weaker in the modet£0.13+ 0.06) thanin  maxima less than 0.1 for lags with the AMOC leading. The
the observation (0.4#0.28), although the uncertainty ranges SST response to AMOC variations is indeed mostly confined
overlap. Teleconnections to annual mean land surface aito the North Atlantic (Fig2c), with no significant correla-
temperature are similar to the observed ones, with the largegtons in the equatorial Pacific.

signal in the eastern half of the US with correlations%0.3
(Figs.3a,b, see alsdrenberth and She2006. The signifi-
cance of the observed teleconnections was computed assu
ing a decorrelation scale equal to the 5 years of the runnin
mean.

In contrast, higher-frequency variability of the AMOC is
r'ﬁt_rongly correlated with ENSO in the model. The regression
E?f SST on maximum AMOC at 39N without application of
a running mean seems to yield a clear response in the equa-
) ) ] ) torial Pacific (Fig.2f). The correlation is much weaker when

Neither in the observations nor in the standard ensemblgne AMO rather than the AMOC is studied (Figsl,e). The
there is a statistically significant response of tropical Pacific,,ggel results and observations agree well in this area. The
SST to the AMO (Fig2a,b). In the model, the correlation  g5harent correlation between the AMOC and tropical Pacific
between 5-yr running means of the AMO and thé®iB.4 5575 tums out to be caused by the NAO projecting on both
index is less than 0.22 for any lag varying from 0 to 20 yearsyf them: the correlation between annual mean values of the
(AMO leading). Due to the large number of ensemble mem-NaQ and Nito 3.4 indices is-0.35, and between the NAO
bers, the statistical errors on this are much smaller than of,gex and the maximum AMOC at 35 —0.33. An NAO
the correlation in the observations=—0.20+ 0.29 atlag  that is driven by ENSO is a common model artefact: in the
Zero. observations the two are very weakly correlated, with corre-

To study the relation between Pacific SST and the AMOCIations|r|<0.2 when considering more than a century of data
directly, we also computed the correlation between 5-yr(van Oldenborgh et gl200Q Bronnimann 2007).

www.ocean-sci.net/5/293/2009/ Ocean Sci., 5, 383:-2009
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Fig. 4. (a)Maximum AMOC at 33 N [Sv] of all hosing ensemble
members (dots), together with their ensemble mean and 5-yr run- 1960 1980 2000 2020 2040 2060 2080 2100
ning mean. The standard ensemble is given for comparigoh.
Regression of the difference in SST between the hosing and starE. . .

. . . ig. 5. Difference between ensemble mean values of hosing and
dard runs on the difference in maximum AMOC at°35 [K/Sv] .

. . standard ensembles (for 1950-2000, the difference between the
for 2000—2050. A 5-yr running mean has been applied to the datag . -
before rearessing. Shading as in B2 mean of the first five members the ensemble mean of the stan-

9 9. 9 9: dard ensemble). (2) Annual mean SST°[C] (blue) and 5-yr

running mean (red) averaged over the eastern Pacific® (450

Having found no significant correlation between decadal90° W, 10° S-10'N). (b) Annual mean SST°C) averaged over the
AMOC variability and the mean temperature of the ENSO Caribbean (90W-60° W, 10° N-20°N). (c) Annual mean zonal
region, we turn to ENSO amplitudes. The lagged correlation¥ind stress (Pa) averaged over Central America {W675 W,
between a 15-yr running standard deviation oh®NB.4 and 5°N-20°N).
the 5-yr running mean of maximum AMOC at 3N is at
most—0.2 with the AMOC leading (not shown). A similar . o
correlation with the AMO index is not statistically significant ~ Driifhout et al.(2008 found a similar dichotomy between
at the 95% level for any lag up to 20 years (AMO leading). ©c€anic wind- en dengty drlvgn aspgcts of the AMOC in the
From these results we conclude that in the standard ensenf=CSM 1.4 model, with the wind-driven overturning circu-

ble, the AMO-related AMOC variability has no significant lation responsible for most of the variability and almost en-
effects on ENSO amplitudes either. tirely restricted to the northern hemisphere, whereas the de-

In the hosing ensemble, the AMOC collapses to aboutcr€ase due to global warming extends south over the equator.

3Sv in the year 2100 (Figda). As the AMOC also de- In the hosing ensembile, it takes about 10 years after the
creases in the standard ensemble (B&), and greenhouse Start of the freshwater anomaly before a significant change
gases are taken from the Alb scenario in the hosing rundh SST in the tropical Pacific occurs (Figa). In fact, cool-

we compute the effect of AMOC decrease induced by theing only reaches the tropical Pacific after having reached the
freshwater anomaly itself as the regression of the differencécaribbean (Figdb). Except for this time delay, the response
of hosing and standard runs with respect to the differencds completely linear. Once the temperature in the Caribbean

in AMOC strengths, i.e. the regression Bfosing—Tstand ON starts to drop, an atmospheric anticyclone develops over this

Whosing~ Vetana 1N general, the strongest response is foundregion (not shown), and the easterly trade winds over central

on the Northern Hemisphere (Figp). With statistically sig- America intensify (Fig.5c), thereby cooling the equatorial
nificant regression coefficients exceeding 0.03 K/Sv there idacific.

also a clear response in the equatorial Pacific SST. This SST The spatial pattern of the regression of zonal wind stress
response gives rise to a precipitation response that is globain AMOC variations indeed shows a strong and localised
in nature and resembles the well-known ENSO teleconnecresponse over Central America (F&g). This atmospheric
tion pattern (not shown). The response of global SST (and obridge is in agreement with results @fmmermann et al.

the tropical Pacific SST in particular) in the hosing ensem-(2007 andDong and Suttorf2007) and has been described
ble is thus very different from that in the standard ensemblein detail byZhang and Delwort2005 andWu et al.(2008.
(compare Figs2b and4b). However, the spatial pattern of the zonal wind stress response

Ocean Sci., 5, 29301, 2009 www.ocean-sci.net/5/293/2009/
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Fig. 7. (a) Annual mean northward flow through 7.8 between
100 m and 400 m. The fluctuations of the standard ensemble are in-
dicated by dots(b) July—September SST in the Equatorial Atlantic.

-25 Caribbean Sea in 2015. The final cooling pattern is similar
to the mean AOGCM signal iStouffer et al(2009. Note
that their Fig. 14 shows that simpler models do not reproduce

Fig. 6. (a)Regression of the difference in zonal wind stress betweenthe cooling signal in the Caribbean.

the hosing and standard ensembles on the difference in maximum The Coo"ng of the Caribbean sets up the atmospheric

AMOC at 35 N [mPa/Sv]. (b) Regression of anomalies (w.r.t. the pridge, which causes cooling in the East Pacific. At the same

ensemble mean) of zonal wind stress on maximum AMOC N85 tjme the warm water flows southward and the equatorial At-

[mPa_1/Sv] for all standard ensemble members. In both pa“_e's 2 5Yfantic heats up (slightly less than 1 K in the annual mean and

running mean has been applied to the data before regressing. Sh ence not visible). From these experiments it can not be in-

ing asin Fig2. ferred whether the time delay is due to the propagation time
of the signal from the North Atlantic to the Caribbean, or
due to the reduction to a sufficiently weak overturning circu-

to AMOC changes associated with the AMO is crucially dif- lation.

ferent (Fig.6b) from that in (Fig.6a) as there is no signature
of an atmospheric bridge connecting the Atlantic and Pacific4
Oceans.

Chang et al(2008 report on a similar delay in the GFDL  Qur results show that a weakening of the AMOC induced
model, but in effects of a reduction of the AMOC on the py a |arge freshwater anomaly generates a different response
equatorial Atlantic. In that model the meridional overturn- of pacific SST than that due to the AMO variability. There
ing has weakened so far after 20 years that warm subsurfacgre two possibilities to explain the lack of the Pacific SST
water flows southward rather than northward in the thermo-response to AMO Var|ab|||ty in this model. The first exp|a-
cline at 8 N. This warm water suppresses the annual cool-nation is that the time scale of the multidecadal variability
ing in the equatorial Atlantic Ocean in July—September. Injn the standard ensemble is too short to cause sufficiently
the ECHAMS5/MPI-OM model this happens after just over strong SST anomalies in the Caribbean. Then also zonal
10 years, see FigSa, b, at the same time as the warming wind anomalies do not have enough time to develop before
of the Caribbean, the zonal wind stress Change over Centrqhe AMOC anoma|y Changes Sign’ and Consequenﬂy no Sig-
America, and the teleconnection to SST in the East Pacifig\a| is transmitted to the equatorial Pacific. The second expla-
(Figs.5a—c). The natural variability in the AMOC does not npation is that the amplitude and/or spatial pattern of the SST
reach the point in which the annual mean transport becomegesponse generated by the AMO are such that the Caribbean
southward (Fig7a). SST hardly changes, and thus no signal is transmitted to the

In Fig. 8 the evolution of the SST difference between the Pacific. In fact, Figs5b and5c even suggest that the re-
hosing and standard ensemble is shown. The cooling signaponse of Caribbean temperature and Central American wind
propagates along the subtropical gyre and has reached ttaress to AMOC variations might be nonlinear, with a critical

Discussion and conclusion

www.ocean-sci.net/5/293/2009/ Ocean Sci., 5, 383:-2009
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Fig. 8. The evolution of the annual mean SST difference [K] be-
tween the hosing ensemble and the standard ensemble.

threshold of AMOC variations below which no response in
the Pacific occurs, and a linear response above this. The am-

G. J. van Oldenborgh et al.: AMOC effects on the tropical Pacific Ocean

AMO pattern in the Caribbean. Different climate models
also give differing values here. Our model probably has a
weaker teleconnection to the AMO than observed.

In summary, our results indicate that the relation between
AMOC variations and Pacific SST is frequency and/or am-
plitude dependent. Further study will be needed to inves-
tigate why the Pacific SST response to AMO variability in
this model is so weak. To test the explanation that the time
scale of the multidecadal variability in the current model is
responsible for the lack of response, the relation between
AMOC variability and equatorial Pacific SST will have to
be investigated in a run with multidecadal variations on time
scales longer than 20 years. Furthermore, runs with different
strength of freshwater anomalies will be needed to test the
threshold behaviour of Caribbean SST as a function of both
the frequency and the amplitude of the freshwater anomaly.
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