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ABSTRACT

The mechanism associated with the modulation of the El Nifio-Southern Oscillation (ENSO) amplitude
caused by the Atlantic multidecadal oscillation (AMO) is investigated by using long-term historical ob-
servational data and various types of models. The observational data for the period 1900-2013 show that the
ENSO variability weakened during the positive phase of the AMO and strengthened in the negative phase.
Such a relationship between the AMO and ENSO amplitude has been reported by a number of previous
studies. In the present study the authors demonstrate that the weakening of the ENSO amplitude during the
positive phase of the AMO is related to changes of the SST cooling in the eastern and central Pacific
accompanied by the easterly wind stress anomalies in the equatorial central Pacific, which were reproduced
reasonably well by coupled general circulation model (CGCM) simulations performed with the Atlantic
Ocean SST nudged perpetually with the observed SST representing the positive phase of the AMO and the
free integration in the other ocean basins. Using a hybrid coupled model, it was determined that the mech-
anism associated with the weakening of the ENSO amplitude is related to the westward shift and weakening
of the ENSO zonal wind stress anomalies accompanied by the westward shift of precipitation anomalies
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associated with the relatively cold background mean SST over the central Pacific.

1. Introduction

The North Atlantic Ocean sea surface temperature
(SST) exhibits a multidecadal variability called the At-
lantic multidecadal oscillation (AMO), which has been
described by observational and modeling studies (Kerr
2000; Delworth and Mann 2000; Knight et al. 2005).
Many studies have suggested that the multidecadal SST
variability over the North Atlantic is linked to multi-
decadal fluctuations of the Atlantic meridional over-
turning circulation (AMOC) (Delworth and Mann 2000;
Knight et al. 2005; Zhang and Delworth 2007; Wang
et al. 2010, Polo et al. 2013). Recent decades after 1995,
a positive phase of the AMO accompanied by SST
warming over the northern Atlantic has occurred. In the
same period, the El Nifio-Southern Oscillation (ENSO)
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variability has been weakened (Xiang et al. 2013; Chung
and Li 2013). Although the impact of the AMO in the
ENSO amplitude has been demonstrated by a number
of previous studies (Dong et al. 2006; Timmermann et al.
2007; Dong and Sutton 2007; and others), the mecha-
nism behind the relationship between the AMO and
ENSO amplitude is not yet understood at present.

The linkage between the variability of the Atlantic
SST and ENSO through an atmospheric bridge has been
suggested by observational studies and coupled GCM
(CGCM) experiments (Dong et al. 2006; Timmermann
et al. 2007; Dong and Sutton 2007; Rodriguez-Fonseca
et al. 2009; Lopez-Parages and Rodriguez-Fonseca 2012;
Kayano and Capistrano 2014; Keenlyside et al. 2013;
Svendsen et al. 2013). Using observed data, Rodriguez-
Fonseca et al. (2009) and Jansen et al. (2009) demon-
strated the relationship between the tropical Atlantic
and Pacific Oceans, with Atlantic SST anomalies leading
Pacific SST anomalies by 6 months. Rodriguez-Fonseca
et al. (2009) and Ding et al. (2012) showed that SST
warming over the equatorial Atlantic strengthens the


mailto:kang@climate.snu.ac.kr

7912

Walker circulation over the tropical Pacific, which sub-
sequently produces strong easterly wind anomalies over
the central Pacific after several months. Dong et al.
(2006) and others showed that the positive phase of the
AMO accompanies relatively weak ENSO variability by
using coupled GCM simulations with the Atlantic
Ocean SSTs relaxed to those of the positive phase of the
AMO. Subsequently, Dong and Sutton (2007) and
others showed with coupled model experiments that
increases of freshwater flux in the North Atlantic Ocean
results in the weakening of AMOC, which influences the
Pacific mean states and in turn induces enhancement of
ENSO variability. Those studies mentioned above in-
dicate that the tropical Atlantic SST changes with both
multidecadal and interannual time scales influence the
climate states in the tropical Pacific and that the mod-
ulation of ENSO amplitude with multidecadal time
scales is through the changes of the mean state in the
tropical Pacific induced by the tropical Atlantic SST
changes.

The Pacific climatological mean climate, particularly
SSTs, has been known to influence the ENSO amplitude
(An and Wang 2000; Yeh and Kirtman 2005; Kim et al.
2011; Xiang et al. 2013; Chung and Li 2013). Recently,
Chung and Li demonstrated that the modulation of the
ENSO amplitude is associated with decadal changes in
the mean SST over the tropical Pacific, particularly
through changes in the east—west gradient of the tropical
Pacific SSTs and the precipitation changes associated
with it. By using coupled model experiments with dif-
ferent parameter values for the convection scheme, Kim
et al. (2011) showed that the ENSO amplitude is sensi-
tive to the mean precipitation over the eastern Pacific:
increased mean precipitation over the eastern Pacific
results in an increase in the ENSO amplitude. In their
study, the increased mean precipitation over the eastern
Pacific induced an eastward shift of the ENSO atmo-
spheric component, particularly the zonal wind stress
anomaly, that then resulted in stronger ENSO variabil-
ity. Although those studies suggested that the changes in
the mean SST and precipitation in the tropical Pacific
can modify the ENSO amplitude through a zonal shift of
ENSO atmospheric components, the mechanism un-
derlying this phenomenon was not clearly demonstrated
in the previous studies. The study by Kang and Kug
(2002) may provide a clue to the mechanism. They
showed that the ENSO amplitude is very sensitive to the
location of the zonal wind stress anomalies associated
with ENSO since the negative feedback by the delayed
oscillator mechanism depends on the oceanic Rossby
wave excited by the wind stress anomalies in the equa-
torial central Pacific (Suarez and Schopf 1988). When
the zonal wind stress anomalies associated with ENSO are
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shifted to the west, the negative feedback by Rossby waves
is stronger than that of the Rossby waves excited by the
zonal wind stress anomalies in the central Pacific; therefore,
the ENSO amplitude is limited and thus relatively weak.

In the present study, we provide additional evidence
for the association of ENSO amplitude modulation
with the AMO using long-term observational data and
a coupled GCM. In addition, we demonstrate that
the positive phase of the AMO accompanies SST
cooling in the tropical central Pacific, which results in
the westward shift of zonal wind stress anomalies as-
sociated with the ENSO SST anomaly. We further
demonstrate here that the zonal displacement of the
ENSO wind stress anomalies serves as a mechanism
for the ENSO amplitude modulation associated with
the AMO. Section 2 describes the data and models
used. The changes in mean climate in the Pacific and
the ENSO variability associated with changes in the
AMO are presented in section 3. The mechanism related
to the ENSO amplitude modulation is investigated
in section 4, and a summary and a discussion are pre-
sented in section 5.

2. Data and models

The monthly-mean SST data from January 1900 to
May 2013 used in the present study were obtained from
the National Oceanic and Atmospheric Administration
extended reconstructed SST, version 3 (ERSST.v3)
(Smith et al. 2008). The horizontal resolution of the SST
data is 2° latitude X 2° longitude. The precipitation
data from January 1979 to May 2013 were obtained
from the Global Precipitation Climatology Project
(GPCP) (Adler et al. 2003). The horizontal resolution
of the GPCP precipitation data is 2.5° latitude X 2.5°
longitude. We also used the monthly-mean 850-hPa
zonal wind data from January 1948 to May 2013 ob-
tained from the National Centers for Environmental
Prediction—National Center for Atmospheric Research
(NCEP-NCAR) reanalysis (Kalnay et al. 1996). The
horizontal resolution of 850-hPa zonal wind data is 2.5°
latitude X 2.5° longitude. Linear trends of all observa-
tional data were removed, and the average of the
monthly-mean data from June to May of the next year
was used as an annual mean.

The coupled general circulation model used in this
study is the Seoul National University (SNU) CGCM
(Kug et al. 2008; Kim et al. 2008; Ham et al. 2012). The
atmospheric portion of the model (AGCM) has a spec-
tral resolution of T42 and 20 vertical sigma levels. The
physics of the model includes parameterizations of
convections, radiation, planetary boundary layers
(PBL), and land surfaces. The deep convection scheme
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is a simplified Arakawa-Schubert scheme (Numaguti
et al. 1995), the boundary layer scheme is a nonlocal
diffusion scheme described by Holtslag and Boville
(1993), and the radiation processes are parameterized by
the two-stream k-distribution scheme implemented by
Nakajima et al. (1995). The land surface processes are
represented by the land surface model of Bonan (1996),
which was developed at the National Center for At-
mospheric Research. A detailed description of physical
parameterizations in the AGCM can be found in Lee
et al. (2001, 2003). The oceanic portion of the model is
the Modular Ocean Model, version 2.2 (MOM 2.2) de-
veloped at the Geophysical Fluid Dynamics Laboratory
of Princeton University. The zonal resolution is 1° and
the meridional resolution is /3° between 8°S and 8°N,
gradually increasing to 3° in the extratropics. The vertical
levels are configured with 23 levels in the upper 450 m
and with a 10-m thickness of the top 10 layers. The mixed
layer ocean model (Noh and Kim 1999) is embedded in
the present ocean model. The air—sea coupling interval of
the coupled model is 2h (Ham et al. 2012). No flux cor-
rection is applied, and the model does not show signifi-
cant climate drift in free long-term integrations.

Another model used in this study is a hybrid coupled
model (Kang and Kug 2000). The oceanic component of
the model is based on an intermediate ocean model
similar to the Cane-Zebiak (CZ) ocean model (Cane
and Zebiak 1987). The present model differs from the
CZ model by a modification of the subsurface temper-
ature formula. The formula used in the present model is
based on a statistical relationship between the sub-
surface temperature and thermocline depth, which were
obtained from the NCEP ocean assimilation data. The
atmospheric component of the hybrid coupled model
provides the wind stress anomalies to force the ocean
model, which was computed as a function of model
Nifio-3 SST anomalies. Details of the model can be ob-
tained in Kang and Kug (2000, 2002).

3. Changes of mean climate in the Pacific and the
ENSO variability associated with the AMO

The changes in the Pacific mean climate and the
ENSO amplitude associated with the Atlantic SST
anomalies related to the Atlantic multidecadal oscilla-
tion were analyzed with long-term observational data,
and the changes were then reproduced with the CGCM.
The AMO is known to be linked to the strengthening
and weakening of the Atlantic meridional overturning
circulation (Delworth and Mann 2000; Knight et al.
2005; Zhang and Delworth 2007; Wang et al. 2010). A
strengthened AMOC leads to large meridional heat
transport from the equator to high latitudes and causes
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FIG. 1. (a) Time series of the AMO index smoothed with
a 121-month running mean (°C, shading) and its monthly index (°C,
black solid line). The AMO index is obtained by averaging SST
anomalies over the NH Atlantic Ocean. (b) Difference map be-
tween the mean SSTs during positive phases of the AMO and those
of the negative phases of the AMO. Shading indicates differences
above the 95% statistically significant level.

SST warming over the whole northern Atlantic. In
the present study, we defined the AMO index as the
121-month running mean of the detrended SST anom-
alies averaged over the North Atlantic region (0°-60°N,
70°W-0°) (Knight et al. 2005; Sutton and Hodson 2005).
The AMO index, obtained by applying a 121-month
running mean, is shown in Fig. 1a with shading. The
monthly index without the smoothing is also presented
in the figure with a solid line. The monthly index shows
large interannual variation, whereas the AMO index
clearly shows the multidecadal variations with a positive
phase in a recent decade (Enfield et al. 2001; Knight
et al. 2005; Sutton and Hodson 2005). Consecutive 15-yr
periods were chosen to define the positive and negative
phases of the AMO, with the periods 1930—45 and 1998-
2013 defining the positive phases and those of 1904-19
and 1979-94 defining the negative phases. Figure 1b
shows the global distribution of the SST differences
between the average values for the two positive phases
and negative phases. The SST difference map shows that
the positive phase of the AMO has accompanied rela-
tively large SST anomalies of more than 0.5°C in the
extratropical Pacific and high-latitude Northern Atlan-
tic Ocean, and positive SST anomalies in the tropical
Atlantic Ocean and negative SST anomalies in the
central tropical Pacific. The spatial pattern of the map is
similar to that of the SST anomalies averaged for recent
decades, as seen in Fig. 2. Because precipitation data
are available after 1979, the difference maps of SST
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FIG. 2. Difference maps between the mean states for June 1998-
May 2013 and for June 1979-May 1994: (a) SST (°C), (b) pre-
cipitation (mm day 1), and (c) 850-hPa zonal wind (ms™'). Shad-
ing indicates differences above the 95% significant level.

(Fig. 2a), precipitation (Fig. 2b), and 850-hPa zonal wind
(Fig. 2c) between the two recent periods of 1998-2013 (the
positive phase) and 1979-94 (the negative phase) were
obtained and are shown in Fig. 2. In the recent decade,
relatively large warming was appeared in the Northern
Atlantic Ocean and the western extratropical Pacific in the
Northern and Southern Hemispheres. On the other hand,
significant SST cooling (from about —0.3° to —0.5°C) also
appeared in the central Pacific. As will be discussed in the
next section, this central Pacific SST change is a crucial
factor for modulating the ENSO variability. Associated
with the SST changes, notable changes in precipitation and
lower-level wind anomalies occurred in the tropical Pa-
cific, as shown by Hong et al. (2013). The most notable
changes are easterly wind anomalies stronger than 2ms !
in the central equatorial Pacific and the dry and wet
anomalies in the tropical central and western Pacific, re-
spectively. The mechanism underlying the changes in SST,
wind, and precipitation in the Pacific associated with the
recent AMO is well described in Hong et al. (2013).

The ENSO variability for different AMO phases is
analyzed and plotted in Fig. 3. Figures 3a and 3c show
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the standard deviations of SST anomalies in the negative
phases of the AMO for 1904-19 and 1979-94, re-
spectively, and Figs. 3b and 3d show the standard de-
viations of SST anomalies in the positive phases of the
AMO for 1930-45 and 1998-2013. The SST variability in
the positive phases of the AMO is clearly weaker than
the variability in the negative phases (Fig. 3e). In addi-
tion, the center of the SST anomaly moved to the central
Pacific during the El Nifio events in the recent decade, as
shown by Xiang et al. (2013) and Chung and Li (2013).

We performed two CGCM experiments to investigate
the extent to which the observed changes over the Pa-
cific (as mentioned above) were associated with the
AMO. In the first experiment, the Atlantic SST was
nudged with the seasonally varying climatological SST
obtained from a 100-yr free run, whereas the other
oceans were run freely [the control (CNT) run]. The
second experiment is the same as the CNT run except
that the Atlantic SST was nudged with the model cli-
matological cycle and the SST anomalies (the AMO
run), whose spatial pattern is the same as that of the
positive phase of the AMO shown in Fig. 1b, but that
their magnitudes were multiplied by a factor of 2 to
produce a clear signal associated with the Atlantic SST
anomalies. Therefore, the difference between the AMO
and CNT runs indicates the global climate anomalies
induced purely by the Atlantic SST anomalies associ-
ated with the AMO. The nudging time scale used here is
1 day so that the simulated SST state in the Atlantic was
kept, more or less, in a state of the nudged SST. Both
runs were integrated for 180 years and the model data
produced for last 150 years were used in the present
study.

Figure 4 shows the mean state differences averaged
for 150 years between the AMO and CNT runs. As ex-
pected, the SST differences in the Atlantic Ocean are
almost the same as the nudged SST anomalies, except
that the simulated differences are 2 times larger than the
observed differences. A relatively large SST warming is
generated in the extratropical western Pacific in the
Northern Hemisphere (NH). The magnitude of the SST
warming is about the same as that in Fig. 2. Considering
that the nudged SST in the Atlantic Ocean is 2 times
bigger than that of Fig. 2, the result mentioned above
indicates that about a half of the NH SST anomalies in
Fig. 2 can be related to the Atlantic SST anomalies. On
the other hand, a significant SST cooling (cooler than
—0.5°C) is also generated in the central tropical Pacific.
Half of the cooling is about 70% of the negative SST
anomalies recently appeared in the central tropical
Pacific, shown in Fig. 2, indicating that a large part of
the recent cooling could be related to the Atlantic
warming associated with the positive phase of the AMO.
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FI1G. 3. Spatial patterns of the standard deviations of detrended SST anomalies over the tropical Pacific during the
negative phase of the AMO of (a) 1904-19 and (c) 1979-94. (b),(d) Positive phase of the AMO of 1930-45 and
1998-2013. (e) Difference between the positive and the negative phase of the AMO. Shading indicates significant
differences at the 95% confidence level using an F test.
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Figures 4b and 4c show the simulated differences of
precipitation and the 850-hPa zonal wind. The dry (wet)
anomalies are generated in the tropical central (west-
ern) Pacific, whose spatial pattern is similar to that of
Fig. 2b. The easterly wind anomalies of about 4ms ™' are
generated in the central and western Pacific, whose
spatial pattern and magnitude (half is 2ms™') are sim-
ilar to that of the easterly wind anomalies in the tropical
Pacific shown in Fig. 2c. It is noted that the equatorial
easterly anomalies induce upwelling by the Ekman drift;
thus, the cooling is generated in the central tropical
Pacific as seen in Fig. 4a. Overall, the CGCM results
mentioned above indicate that a large fraction of the
observed mean changes in the tropical Pacific for recent
decades is related to the AMO.

The ENSO variability for the CNT run and the AMO
run, analyzed in terms of standard deviations of the SST
anomalies over the tropical Pacific, is shown in Figs. Sa
and 5b. The ENSO variability is clearly lower in the
AMO run (the maximum value of 1.3°C) than in the
CNT run (the maximum value of 1.7°C). This result is
consistent with those of previous studies based on ob-
servational data and other CGCMs (Dong et al. 2006;
Timmermann et al. 2007; Kayano and Capistrano 2014).

The zonal wind stress anomalies associated with ENSO
were obtained by regressing the simulated Nifio-3 index,
which is the SST anomaly averaged over the region of
5°S-5°N, 150°-90°W on the zonal wind stress anomalies
simulated over the tropical Pacific. The results for the
CNT and AMO runs are shown in Figs. 6a and 6b. The
most distinctive difference between the ENSO zonal
wind stress anomalies of the AMO and CNT runs ap-
pears in the zonal location of the zonal wind stress
anomalies. The location of the anomaly center in the
AMO run (165°E) is shifted to the west compared to that
of the CNT run (180°). The relatively small ENSO am-
plitude accompanied by the westward shift of zonal wind
stress anomalies can be understood in terms of stronger
negative feedback of the delayed oscillator mechanism
described by Kang and Kug (2002) (see section 1). It is
also noted that the ENSO zonal wind stress anomalies in
the AMO run are less effective at increasing the ther-
mocline anomalies in the eastern Pacific compared to
those in the CNT run, as seen in Fig. 7. The westward
shift of ENSO zonal wind stress anomalies in the AMO
run results in smaller thermocline depth anomalies in
the eastern Pacific, which lead to smaller SST variability
in the eastern Pacific. Thus, the westward shift of the
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ENSO zonal wind stress anomalies appears to be a cru-
cial factor in reducing the ENSO amplitude during the
positive phase of the AMO. However, questions remain
as to why the westward shift of the ENSO wind stress
anomalies occurs in the positive phase of the AMO and
why it reduces the ENSO amplitude. In the next section,
we address these questions by using various model
experiments.

4. A mechanism for ENSO weakening in the
positive phase of the AMO

In this study, we propose that the SST cooling in the
central Pacific is responsible for the westward shift of the
ENSO zonal wind stress anomalies during the positive
phase of the AMO. To confirm this hypothesis, we per-
formed two sets of AGCM experiments to investigate
how different zonal wind stress anomalies respond to the
same SST anomaly with different background mean SST
states over the tropical Pacific. Two AGCM experiments
in the first set are carried out with two different SSTs: one
with the observed climatological SST (CNT1) and the
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other with the same climatological SST plus the El Nifio
SST anomaly (ENT1) as shown in Fig. 8a. The El Nifio
SST anomaly during the averaged state of El Nifio for
1900-2013 is obtained from the first EOF of tropical
Pacific SST anomalies. All experiments were integrated
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FIG. 6. Regression maps of the zonal wind stress anomalies
(Nm~2°C™1) in the tropical Pacific against the normalized Nifio-3
index, obtained from the CGCM simulations for (a) CNT and

(b) AMO.
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FI1G. 7. Zonal structure of the thermocline depth anomalies (m)
during the El Nifio along the equator (5°S-5°N) obtained by re-
gressing the simulated Nifio-3 index on the thermocline depth
anomalies of the CNT (dashed line) and AMO (solid line) runs.
Significant values above the 95% significant level are indicated.

for 50 years and the last 30 years of data were used in the
analysis. The zonal wind stress anomalies forced by the
El Nifio SST anomaly under the observed climatological
mean SST condition obtained by ENT1 — CNT1 is in-
dicated by the dashed line in Fig. 8b. The second set of
AGCM experiments (CNT2 and ENT2) is the same as
the first set except that the cold SST anomalies in the
central Pacific simulated by the AMO run, which are
shown in the previous section, are included in the
climatological mean SST. Thus, the difference between
ENT2 and CNT2 provides the atmospheric anomalies
forced by the same El1Nifio SST anomaly as that of ENT1
but under the climatological tropical Pacific conditions
influenced by the AMO. The zonal wind stress anomalies
obtained by ENT2 — CNT2 are shown by the solid line in
Fig. 8b. The ENSO-related zonal wind stress anomalies
under the climatological mean SST state during the
positive phases of the AMO (175°W) are indeed shifted
slightly to the west compared to and are weaker than
those of the ENSO wind stress anomalies under the cli-
matological mean state without the cooling in the central
Pacific (165°W), confirming that the slight cooling in the
tropical central Pacific is responsible for the westward
shift of the ENSO-related zonal wind stress anomalies in
the tropical Pacific. This result can be interpreted as
follows: in the case of SST cooling located in the central
pacific (the AMO state), the positive SST anomalies are
less effective at increasing anomalous convection in the
central Pacific (Kim et al. 2011; Chung and Li 2013).
Thus, the ENSO-related precipitation anomalies for the
AMO state are shifted to the west toward the warm pool
region compared to the ENSO anomalies in the normal
climatological mean state, and the zonal wind stress
anomalies associated with the precipitation anomalies

KANG ET AL.

7917

a) SST forcin
2ON( ) g

10N -g%

g
EOR 4=
108 2 =

20S T T
120E 150E 180

(b) TAUX response

&0, 2
120W

150W 90W

0.028
0.024

0.02 A
0.016 1
0.012 A1
0.008 A1
0.004

150E 180 150W 120W 90w

FIG. 8. (a) SST anomalies during the average state of El Nifio for
1900-2013, obtained from the first EOF of tropical Pacific SST
anomalies. (b) Zonal wind stress anomalies (Nm™?) along the
equator (5°S-5°N), simulated by an AGCM with two different
SSTs prescribed. Two AGCM experiments were performed with
the same SST anomalies shown in (a) in addition to the two dif-
ferent climatological SSTs. Dashed and solid lines indicate the
observed climatological SST and the same climatological SST plus
the relatively cold SST anomalies over the central Pacific obtained
by the SST difference between the CGCM experiments of the CNT
and AMO runs, respectively. Refer to the text.

are also shifted to the west. It should be noted that the
westward shift of the zonal wind stress anomalies is not as
strong as in the simulation in the coupled model shown in
the previous section; this difference might be caused by
a lack of ocean-atmosphere feedback in the present
AGCM experiments. It is also worth mentioning, with
the same reason (SST cooling in the central Pacific)
mentioned above, that the ENSO wind stress anomalies
for the positive phase of the AMO are weaker than those
of the normal state, as seen in Fig. 8b. These weaker wind
stress anomalies also influence the weaker ENSO am-
plitude in the positive phase of the AMO.

In particular, the zonal shift of the ENSO zonal wind
stress anomalies can influence the ENSO amplitude,
which was demonstrated by Kang and Kug (2002). Here,
we assessed the impact of the westward shift of the
ENSO zonal wind stress anomalies on the ENSO am-
plitude using a hybrid coupled model similar to that of
Kang and Kug, which was described in section 2. The
only difference between their model and the present
model is the function of the wind stress anomaly, which
is computed by using the following formula:

(%, y,1) = aF(x, y)T(1), 1)

where T(¢) is the model-produced Nifio-3 SST anomaly
in which the zonal wind stress anomalies are proportional
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FIG. 9. Time series of Niflo-3 SST anomalies simulated a hybrid
coupled model with two different wind stress functions. Dotted and
solid lines denote the zonal wind stress functions whose spatial
patterns are same as those of Figs. 6a and 6b, respectively.

to the Nifio-3 SST anomaly, « is the scaling coefficient
(which is 0.4 as used by Kang and Kug 2002), and F(x, y)
is the spatial function of the zonal wind stress anomalies.
The spatial distributions of the wind stress functions are
the same as those of Figs. 6a and 6b, which are the
ENSO-related zonal wind stress anomalies of the con-
trol and the AMO coupled model experiments, re-
spectively, described in the previous section. Two hybrid
coupled model experiments, referred to as the H-CNT
and H-AMO runs, were carried out with the two dif-
ferent zonal wind stress functions of Figs. 6a and 6b.
Both runs were integrated for 100 years, and the model
data produced for last 50 years were used for the fol-
lowing analysis. The time series of the Nifio-3 SST
anomaly produced by the hybrid coupled model are
shown in Fig. 9. The dotted (solid) lines indicate the
H-CNT (H-AMO) runs. The ENSO amplitude in the
H-AMO run is clearly weaker than that of the H-CNT
run. The standard deviation of the monthly Nifio-3 SST
index produced by the H-AMO run (1.34°C) is de-
creased by 19% compared to that of the H-CNT run
(1.65°C), confirming that the westward shift of the
ENSO zonal wind stress anomalies plays a key role in
the weakening of the ENSO amplitude.

5. Summary and discussion

The mechanism for modulating the ENSO amplitude
associated with the Atlantic multidecadal oscillation
was investigated using long-term observational data and
CGCM experiments. Since the mid-1990s, the Atlantic
Ocean has experienced warming in the Northern
Hemisphere and the SST cooling has been observed
together with the easterly wind anomalies in the tropical
central Pacific. These observed anomalies in the Pacific
are reproduced reasonably well by the present CGCM
experiment in which the Atlantic SSTs are nudged with
those representing the positive phase of the AMO. The
observation data and coupled model experiments also
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show that the ENSO variability associated with the
positive phase of the AMO is weaker than those of other
periods. These results are consistent with previous ob-
servational and model studies (Timmermann et al. 2007;
Dong and Sutton 2007; Kayano and Capistrano 2014).
Here, we further investigated the mechanism related to
the weakening of the ENSO amplitude during the pos-
itive phase of the AMO.

The westward shift of the ENSO zonal wind anoma-
lies in the tropical Pacific is a crucial factor for weak-
ening of the ENSO variability during the positive phase
of the AMO. The westward shift of the ENSO zonal
wind stress anomalies resulted from a slight cooling of
the mean SSTs in the tropical central Pacific during the
positive phase of the AMO. The effect of the mean SST
cooling could be interpreted as follows: with the rela-
tively cold mean SST in the central pacific, the positive
ENSO SST anomalies are less effective at producing
anomalous convection in the central Pacific (Kim et al.
2011; Chung and Li 2013). Thus, the ENSO-related
precipitation anomalies should be shifted to the west
toward the warm pool region compared to those of other
periods, and the zonal wind stress anomalies associated
with the precipitation anomalies are also shifted to the
west. The ENSO amplitude modulation by the zonal
displacement of ENSO-related zonal wind stress
anomalies is further demonstrated by using a hybrid
coupled model in the present study.

From the delayed oscillator mechanism (Suarez and
Schopf 1988; Cane et al. 1990), the negative feedback
and the decay of ENSO depend on the off-equatorial
Rossby waves excited by the ENSO-related equatorial
wind stress anomalies. When the center of the zonal
wind stress anomalies is shifted to the west, the distance
for the Rossby waves to reach the western boundary is
shortened (Kang and An 1998; An and Wang 2000; and
others), so the Rossby waves at the western boundary
(WB) are less damped because of a shorter travel dis-
tance; then the Kelvin wave reflected by the Rossby
waves at the WB can more effectively damp the pre-
existing Kelvin waves in the eastern Pacific. This stron-
ger negative feedback results in weakening of the ENSO
amplitude during the positive phase of the AMO.

The westward shift of the ENSO atmospheric anom-
alies could explain the frequent occurrence of the so-
called central Pacific El Nifio events in recent decades
(Xiang et al. 2013; Chung and Li 2013). The mean SST
cooling in the central Pacific could be an important
cause for the westward shift of the ENSO atmospheric
anomalies. Xiang et al. has suggested that the central
Pacific El Nifo events will increase in the coming de-
cades if the relatively cold mean SSTs persist over the
central-eastern Pacific. The present study demonstrates
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that the SST cooling in the central Pacific that occurred in
recent decades is associated with the warming of north-
ern Atlantic SST associated with a positive phase of the
AMO and thus suggests that the frequent occurrence of
the central Pacific El Niflo in a recent decade may be
related to the positive phase of the AMO in the Atlantic
Ocean. However, a further study may be needed to
clearly understand the relationship between the central
Pacific El Nifio and the AMO.
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