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ABSTRACT

The ocean—atmosphere coupling in the northeastern subtropical Pacific is dominated by a Pacific meridi-
onal mode (PMM), which spans between the extratropical and tropical Pacific and plays an important role in
connecting extratropical climate variability to the occurrence of El Nifio. Analyses of observational data and
numerical model experiments were conducted to demonstrate that the PMM (and the subtropical Pacific
coupling) experienced a rapid strengthening in the early 1990s and that this strengthening is related to an
intensification of the subtropical Pacific high caused by a phase change of the Atlantic multidecadal oscillation
(AMO). This PMM strengthening favored the development of more central Pacific (CP)-type El Nifio events.
The recent shift from more conventional eastern Pacific (EP) to more CP-type El Nifio events can thus be at
least partly understood as a Pacific Ocean response to a phase change in the AMO.

1. Introduction

The center of warm anomaly associated with El Nifio
events has moved from the eastern Pacific (EP) to cen-
tral Pacific (CP) in recent decades (Larkin and Harrison
2005; Yu and Kao 2007; Ashok et al. 2007; Kao and Yu
2009; Kug et al. 2009; Lee and McPhaden 2010; Yu and
Giese 2013; Capotondi et al. 2013). The cause of this
recent emergence of the CP El Nifio is not yet known but
could be a consequence of global warming (Yeh et al.
2009) or an expression of natural variability (McPhaden
etal.2011; Newman et al. 2011). The exact timing of this
location shift has been suggested to be sometime be-
tween the 1980s (Ashok et al. 2007) and the beginning of
the twenty-first century (Lee and McPhaden 2010). Yu
et al. (2012) used three atmospheric and oceanic indices
to argue that the location shift is most obvious around
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a period centered on 1993. This early-1990s timeframe is
close to the time when the Atlantic multidecadal oscil-
lation (AMO; Schlesinger and Ramankutty 1994; Kerr
2000) changed its phase. It has been suggested that the
AMO can impact climate not only within the Atlantic
basin but also across the Northern Hemisphere, in-
cluding the Pacific Ocean (e.g., Zhang and Delworth
2007). The possible linkage between the recent emer-
gence of the CP El Nifio and the AMO is examined in
this study.

We begin describing a possible chain of events
resulting in a shift in the location of El Nifio by focusing
on variations in the strength of the Pacific meridional
mode (PMM; Chiang and Vimont 2004), which is the key
ocean—atmosphere coupling mode of the subtropical
Pacific and plays a crucial role in connecting extra-
tropical climate variability to El Nifio generation (e.g.,
Anderson 2003; Chiang and Vimont 2004; Alexander
et al. 2006, 2010; Chang et al. 2007). The PMM is char-
acterized by covariability in sea surface temperatures
(SSTs) and surface winds over the northeastern sub-
tropical Pacific. Wind fluctuations associated with
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extratropical atmospheric variability, in particular the
North Pacific Oscillation (NPO; Walker and Bliss 1932;
Rogers 1981), induce SST anomalies in the subtropical
Pacific via evaporation anomalies. The SST anom-
alies then modify the winds via convection. This wind-
evaporation-SST (WES) feedback mechanism (Xie and
Philander 1994) prolongs and extends the atmosphere-
induced SST anomalies equatorward and westward from
their generation location in the northeastern subtropical
Pacific toward the tropical central Pacific to form the
spatial pattern of the PMM. The atmosphere—ocean
coupling also sustains the PMM from boreal winter,
when the extratropical atmospheric variability is stron-
gest (e.g., Vimont et al. 2001, 2003), to the following
seasons, which explains how the extratropical variability
in winter can trigger the development of El Nifio events
in the following spring or summer.

More recently, the PMM and its associated subtrop-
ical coupling were suggested to play a particularly im-
portant role in exciting the CP El Nifio (Yu and Kim
2011; Kim et al. 2012; Lin et al. 2014). In contrast to the
conventional EP type of El Niiio that is characterized by
SST anomalies extending westward from the South
American coast with decreasing amplitude, the CP El
Nifio has most of its SST anomalies confined around the
international date line. While the generation of the EP
El Nifo involves traditional El Nifio dynamics that em-
phasize equatorial Pacific thermocline variations (e.g.,
Suarez and Schopf 1988; Battisti and Hirst 1989; Jin
1997), the generation of the CP El Nifio has been linked
by some to forcing from the extratropical atmosphere
(Yu and Kim 2011; Yu et al. 2011, 2012; Kim et al. 2012;
Lin et al. 2014). The extratropical atmospheric forcing is
suggested to penetrate into the tropical central Pacific
through the PMM via the WES feedback mechanism.
Since the CP El Nifio has occurred more frequently in
recent decades, it is natural to wonder whether the PMM
has also experienced similar decadal variations and how
these variations, if any, might be related to leading
modes of decadal variability, including the AMO and the
Pacific decadal oscillation (PDO; Mantua et al. 1997).
Statistical analyses using observational and reanalysis
data and numerical experiments using an atmospheric
general circulation model (AGCM) coupled with a slab
ocean were performed to answer these questions. It
should be noted that zonal advection in the tropical
Pacific has also been suggested to be important to the
generation of CP El Nifio events (e.g., Kug et al. 2009;
Yu et al. 2010) and can extend the PMM-induced
warming in the central Pacific eastward leading to EP
El Nifio events (e.g., Alexander et al. 2010). Neverthe-
less, a recent study reported that the PMM and its sub-
tropical coupling seem more linked to the generation of

JOURNAL OF CLIMATE

VOLUME 28

the CP El Nifio than to the EP El Nifio in the multiple
coupled GCM simulations (Lin et al. 2014). In this
study, the possible role of zonal ocean advection is not
examined.

2. Datasets

In this study, datasets used for analysis include the
monthly 10-m winds and sea level pressure (SLP) from
the National Centers for Environmental Prediction—
National Center for Atmospheric Research (NCEP-
NCAR) reanalysis dataset (Kalnay et al. 1996) and SSTs
from National Oceanic and Atmospheric Administra-
tion (NOAA) Extended Reconstructed Sea Surface
Temperature dataset (ERSST; Smith et al. 2008). Spe-
cifically, data for the period 1948-2010 were analyzed.
Monthly anomalies were obtained by removing the
seasonal cycles and linear trends. To validate the results
obtained from the NCEP-NCAR reanalysis, we also
used the Twentieth Century Reanalysis (20CR; Compo
et al. 2011) and the Japanese 55-year Reanalysis Project
(JRA-55; Ebita et al. 2011).

Two indices for decadal variability modes were used
in this study: the PDO index and the AMO index. The
PDO index was defined as the leading principal com-
ponent (PC) of an empirical orthogonal function (EOF)
mode of monthly SST anomalies in the North Pacific
(poleward of 20°N) after removing the global-mean SST
anomalies (Mantua et al. 1997). The AMO index was
defined as the linearly detrended area-averaged SST
anomalies over the North Atlantic (0°~70°N) (Enfield
et al. 2001).

A set of the Atmospheric Model Intercomparison
Project (AMIP; Gates et al. 1999) model output in phase
5 of the Coupled Model Intercomparison Project
(CMIP5; Taylor et al. 2012) as summarized in Table 1 was
also used to gain insight into the observational findings.

3. Results

To identify the PMM, a singular value decomposition
(SVD; Bretherton et al. 1992) analysis was applied to the
cross-covariance between SST and 10-m wind anomalies
in the northeastern subtropical Pacific (20°S-30°N,
175°E-95°W). We removed the ENSO signals (re-
gressions of SST and 10-m wind anomalies with an index
of ENSO) from the original anomalies before the SVD
analysis. Following Chiang and Vimont (2004), we chose
to use the cold tongue index (CTI; SST anomalies av-
eraged over 6°S-6°N, 180°~90°W) to remove the El Nifio
influence. It should be noted that this is not an op-
timal way to remove the ENSO signals. Compo and
Sardeshmukh (2010) and Solomon and Newman (2012)
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have developed methods that can better remove the full
spatial structure and evolution of the ENSO signals us-
ing a linear inverse modeling approach. Nevertheless,
the domain of the CTI index covers not only the EP
ENSO region (i.e., Nifio-3 region) but also a large part of
the CP ENSO region (i.e., Nifio-4 region) and is suitable
for the purpose of this study.

The leading SVD mode shown in Fig. 1a depicts the
PMM’s SST and wind anomaly patterns during the peak
season of the PMM [i.e., March-May (MAM)]. The
pattern is characterized by positive SST anomalies and
southwesterly wind anomalies extending from the Baja
California coast to the tropical central Pacific. The
southwesterly wind anomalies represent a weakening of
the climatological northeasterly trade winds in the
northern subtropics and are collocated with positive SST
anomalies because of the reduced surface evaporation
associated with the weaker trade winds. A pair of PCs
was also produced as part of the SVD analysis. The PCs
represent the temporal variations of the PMM-associated
SST and surface wind anomalies and are referred to, re-
spectively, as the PMM SST and wind indices.

Since the PMM is a mode of coupled atmosphere—
ocean variability, its strength can be represented by the
correlation coefficient between the PMM SST and wind
indices. This correlation during MAM is calculated us-
ing a 10-yr window running from 1948 to 2010. As shown
in Fig. 1b, the correlation (i.e., the PMM strength)
drops briefly around 1960, 1976, and 1993 to divide
1962-2004 into three periods: 1962-72 (period 1), 1977-
88 (period II), and 1993-2004 (period I1I). We only focus
on the period from 1962, as the data prior to period I are
too short. The PMM strength shows a stepwise increase,
starting from a relatively weak state during periods I and
IT and then jumping to a strong state during period III.
The mean correlation substantially increases from pe-
riods I and 1T (0.73 for both periods) to period III (0.86).
With a stringent test, the difference in the mean PMM
strength between period III and the other two periods
passes the 90% confidence level using a one-tailed
Student’s ¢ test. The robustness of this early-1990s
strengthening was validated by repeating the SVD and
correlation analyses with two additional reanalysis
products: the 20CR and JRA-55. A significant and
similar early-1990s jump in the correlation was found in
these two additional datasets (Figs. 1c,d). It is important
to note that this early-1990s strengthening of the PMM
coincides with the time when the El Nifio was de-
termined to shift from being predominantly of the EP
type to being predominantly of the CP type (Yu et al.
2012). Investigating the cause of this strengthening will
help to understand why the CP El Nifio has occurred
more frequently in recent decades.
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To understand why the PMM strength has varied, we
examined in Fig. 2 the mean SLP and 10-m wind states
during each of the three periods during the boreal
winter—spring seasons [December-May (DJFMAM)].
These are the seasons when the PMM typically develops
and peaks (e.g., Chiang and Vimont 2004). The SLP
climatology in these seasons (Fig. 2a) is characterized by
an Aleutian low over the North Pacific and a Pacific
subtropical high over the eastern subtropics. The change
in the mean SLP (color shading) from period I to II
(Fig. 2b) is dominated by an intensification of the
Aleutian low with a particular northwest-southeast
orientation (highlighted by a red dashed line). This SLP
change was accompanied by cyclonic wind anomalies
(vectors). In contrast, the change in the mean SLP from
period II to III (Fig. 2¢) is dominated by a weakening of
the Aleutian low and an intensification of the sub-
tropical high. The intensified high is centered in the
eastern Pacific and extends southwestward to the trop-
ical central Pacific. This particular northeast-southwest
orientation is highlighted in Fig. 2c by a red dashed line.
The SLP change was accompanied by anticyclonic wind
anomalies that strengthened the mean northeasterly
trade winds. In the figure, we use a green contour to
highlight the location of the PMM (i.e., Baja California
to the tropical central Pacific) from Fig. 1a; it is clear that
this region overlaps with the region where the most
significant changes occur in the background trade winds
and SLP from period II to II1. This overlapping indicates
that the SLP and trade wind changes are likely to affect
the strength of the PMM. Although the mean SLP
changes from period I to II also appear in the subtropical
Pacific region (see Fig. 2b), they overlap only with the
northern portion of the PMM region and are less likely
to affect the strength of the PMM.

The significant changes in the subtropical high and its
associated trade winds have important implications for
the WES feedback mechanism that supports the PMM.
The relationship between latent heat flux anomalies and
surface wind anomalies is an important component of
the WES feedback, which can be expressed by the fol-
lowing relationship according to Czaja et al. (2002) and
Vimont et al. (2009):

SLH u 1
~ = ; ™

Su \/u2 w2 \/1 N (E)z

u

where 6LH is the latent heat flux variation caused by the
zonal wind variation (8u) for a given mean zonal wind
state (1) and turbulent background wind speed (w.).
Here, for simplicity and explanatory purposes, we ne-
glect the meridional wind in the equation. The efficiency
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TABLE 1. The 25 AMIP models used in this study
No. of
ensemble
Model acronym Model name Modeling group members
1 ACCESS1.0 Australian Community Climate and Commonwealth Scientific and Industrial Re- 1
Earth-System Simulator, version 1.0 search Organisation (CSIRO) and Bureau of
Meteorology (BOM)
2 ACCESS1.3 Australian Community Climate and CSIRO and BOM 2
Earth-System Simulator, version 1.3
3 BCC-CSM1.1 Beijing Climate Center, Climate Beijing Climate Center (BCC), China Meteo- 3
System Model, version 1.1 rological Administration
4 BNU-ESM Beijing Normal University—Earth College of Global Change and Earth System 1
System Model Science (GCESS), Beijing Normal University
5 CanAM4 Canadian Fourth Generation Atmospheric Canadian Centre for Climate Modelling and 4
General Circulation Model Analysis (CCCma)
6 CCSM4 Community Climate System Model, version 4 NCAR 4
7 CESM1 Community Earth System Model, version 1 NCAR 2
8§ CMCC-CM Centro Euro-Mediterraneo per I Cambiamenti ~ Centro Euro-Mediterraneo sui Cambiamenti 3
Climatici Climate Model Climatici (CMCC)
9 CNRM-CMS5 Centre National de Recherches Météorologiques Centre National de Recherches Météor- 1
Coupled Global Climate Model, version 5 ologiques (CNRM)/Centre Européen de
Recherche et de Formation Avancée en
Calcul Scientifique (CERFACS)
10 CSIRO-Mk3.6.0 Commonwealth Scientific and Industrial CSIRO in collaboration with Queensland 4
Research Organisation Mark 3.6.0 Climate Change Centre of Excellence
(QCCCE)
11 FGOALS-g2 Flexible Global Ocean—Atmosphere-Land State Key Laboratory of Numerical Modeling 1
System Model, gridpoint version 2 for Atmospheric Sciences and Geophysical
Fluid Dynamics (LASG), Institute of Atmo-
spheric Physics (IAP), Chinese Academy of
Sciences
12 FGOALS-s2 Flexible Global Ocean—-Atmosphere-Land LASG, IAP, Chinese Academy of Sciences 3
System Model, second spectral version
13 GFDL CM3 Geophysical Fluid Dynamics Laboratory NOAA/Geophysical Fluid Dynamics 2
Climate Model, version 3 Laboratory (GFDL)
14 GISS-E2-R Goddard Institute for Space Studies Model E2,  National Aeronautics and Space Administration 4
coupled with the Russell ocean model (NASA) Goddard Institute for Space Studies
(GISS)
15 HadGEM2-A Hadley Centre Global Environment Model, National Institute of Meteorological Research 4
version 2-Atmosphere (NIMR)/Korea Meteorological Administra-
tion (KMA)
16 HIRAM-C180 High Resolution Atmospheric Model, NOAA/GFDL 3
180 X 180 gridpoint resolution
17 INM-CM4 Institute of Numerical Mathematics Institute of Numerical Mathematics (INM) 1
Coupled Model, version 4
18 IPSL-CMSA-LR L’Institut Pierre-Simon Laplace Coupled L’Institut Pierre-Simon Laplace (IPSL) 4
Model, version 5A, low resolution
19 IPSL-CMS5A-MR L’Institut Pierre-Simon Laplace Coupled IPSL 3
Model, version 5A, mid resolution
20 MIROCS Model for Interdisciplinary Research on Japan Agency for Marine-Earth Science and 2
Climate, version 5 Technology, Atmosphere and Ocean Re-
search Institute (University of Tokyo), and
National Institute for
Environmental Studies
21 MPI-ESM-LR Max Planck Institute Earth System Model, Max Planck Institute for Meteorology (MPI-M) 3
low resolution
22 MPI-ESM-MR Max Planck Institute Earth System Model, MPI-M 3

medium resolution
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TABLE 1. (Continued)
No. of
ensemble
Model acronym Model name Modeling group members
23 MRI-AGCM2H  Meteorological Research Institute Meteorological Research Institute (MRI) 3
Atmospheric General Circulation Model,
version 2 (high resolution)
24 MRI-CGCM3 Meteorological Research Institute Coupled MRI 2
Atmosphere—Ocean General Circulation
Model, version 3
25 NorESM1-M Norwegian Earth System Model, version 1 Norwegian Climate Centre (NCC) 3

(intermediate resolution)

of the WES feedback (i.e., sSLH/du) can be affected by
the ratio of the turbulent background wind to the mean
zonal wind (w /i) in the denominator on the RHS of the
equation. According to the equation, the stronger the
background wind (u), the smaller the ratio and the larger
the WES feedback efficiency. Physically, the WES
feedback mechanism is known to work when the wind

MAM

_(a) PMM: SST & U

anomalies induced by convection are in a direction op-
posite to that of the mean winds (Xie 1999). In order for
the WES feedback to work more efficiently, the mean
wind (u) should not change direction. However, the
mean wind direction can be reversed by the background
disturbances (w,). Therefore, the stronger the mean
zonal wind (u), the more easily the disturbance reversal
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FIG. 1. (a) The leading SVD mode of SST (color shading) and 10-m wind (vectors) anomalies for the PMM in

boreal spring (MAM). Red (blue) shading indicates posi

tive (negative) values with an interval of 0.1°C. The green

contour is the 0.2°C isotherm representing the PMM region. (b) 10-yr running correlation coefficients between the

PMM SST and wind indices. The red line indicates a mean

of the correlation coefficients during each period. The gray

shading is used to emphasize three different periods (1962-72, 1977-88, and 1993-2004). The shadings at the top and
bottom are the positive (red) and negative (blue) phases of the 10-yr low-pass-filtered PDO and AMO, respectively.

(c),(d) As in (b), but for (c) 20CR and (d) JRA-55.
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FIG. 2. (a) The winter-spring (DJFMAM) SLP climatology for the period 1948-2010. A contour interval is 2 hPa.
(b) The differences of the DJFMAM-mean SLP (color shading) and 10-m winds (vectors) between period I (1977—
88) and period I (1962-72). The dotted areas are where SLP differences are significant at the 95% level, and only
winds exceeding the 95% level are shown (using a two-tailed Student’s  test). (c) As in (b), but for the differences
between period III (1993-2004) and period II. (d) The regressed DJFMAM SLP (color shading) and 10-m wind
(vectors) anomalies onto the 10-yr low-pass-filtered standardized PDO index. (e) As in (d) but for the AMO index.
The green contour is the PMM region defined in Fig. 1a. Red dashed lines highlight the orientations of the SLP
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differences and regressions.

of wind direction can be overcome to favor an efficient
WES feedback. Since positive PMM SST anomalies
typically induce southwesterly wind anomalies in its
southwestern quadrant (Fig. 1a), the stronger the mean
northeasterly trade winds the more efficient the WES
feedback mechanism. Associated with the intensified
Pacific high, the background trade winds in period III
are stronger than in period II in both their zonal (z) and
meridional (v) components. As shown in Fig. 3, the
negative differences (meaning stronger easterly and
northerly winds) are large over the northeastern sub-
tropical Pacific in the west of the Baja California where

the core region of the PMM is located. It should also be
noted that the WES feedback is more sensitive to the
zonal wind than meridional wind (Vimont et al. 2009).
Our analyses suggest that the strengthened PMM in
period IIT is a result of a stronger WES feedback
mechanism associated with an intensified subtropical
high and background trade winds.

The mean SLP changes between the periods can also
affect the location of midlatitude jet stream, which con-
trols the location of midlatitude synoptic-scale eddies. A
more southward-located jet stream can steer more mid-
latitude eddies into the subtropics (i.e., increasing the
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FIG. 3. The differences of the DJFMAM-mean background trade
winds in the zonal and meridional directions (z and v, respectively)
between periods III and II. The dotted areas are where the back-
ground wind differences are significant at the 95% level. The green
contour indicates the PMM region.

background turbulence) to interrupt the WES feedback.
In contrast, a more northward-located jet stream is likely
to reduce the intrusion of the midlatitude eddies and to
increase the efficiency of the WES feedback in the sub-
tropical Pacific. Figure 4 shows the changes of mean
zonal winds among the three periods averaged across the
Pacific (120°E-90°W). The change from period I to II
(Fig. 4a; indicated by the color shadings) is characterized
by positive anomalies centered around 30°N that co-
incide with the location of the climatological jet stream
(indicated by the contours), while the change from period
I1 to I1I (Fig. 4b) is characterized by positive and negative
anomalies to the north and south of the climatological jet
stream, respectively. They indicate that the jet stream
location did not change much from period I to II but
shifted northward from period II to III. The northward
shift in period III can reduce the possible intrusion of the
midlatitude eddies into the subtropical Pacific, which
enables the WES feedback to operate more efficiently in
the region. This is another possible reason that the sub-
tropical coupling and the PMM strength got intensified
during period III.

YU ET AL.

657

a) U : Period Il — Period |

200

400

600

Pressure (hPa)

800

1000

b) U : Period Ill —

Period Il

200

400

600

Pressure (hPa)

800

1000 +— I —
0° 10°N 20°N 30°N 40°N 50°N 60°N 70°N
Latitude

m/s
-2.5-2-1.5-1-0.50 0.5 1 1.5 2 2.5

FIG. 4. (a) The difference (color shading) in the DJFMAM-mean

zonal winds averaged over 120°E-90°W between periods 11 and I.

The climatology is shown in contours with an interval of 5ms™".

Solid (dashed) contours indicate eastward (westward) winds. The
dotted areas are where the wind differences are significant at
the 95% level. (b) Asin (a), but for the difference between periods
III and II.

We next investigated what could be the cause for the
intensification of the Pacific subtropical high around the
early 1990s? On decadal time scales, the PDO and AMO
are two major modes of variability that are capable of
influencing global climate. Here, we explored the pos-
sible connections between them and the early-1990s
strengthening of the Pacific subtropical high. Figures 2d,e
show the winter—spring SLP and wind anomalies re-
gressed onto the decadal (>10yr) components of the
PDO and AMO indices. The largest regression with the
PDO (Fig. 2d) occurs over the Aleutian low with neg-
ative values, which indicates that a positive phase of the
PDO is associated with an intensification of the Aleutian
low. This regression pattern is similar to the mean SLP
change observed from period I to II (cf. Fig. 2b). As for
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the AMO, the regressed SLP anomalies (Fig. 2¢) are
largest in the regions of the Aleutian low and the sub-
tropical high with positive values. The regression in-
dicates that a positive phase of the AMO is associated
with a weakening of the Aleutian low and an intensi-
fication of the subtropical high. This regression pattern
is similar to the mean SLP change observed from
period IT to III (cf. Fig. 2c). In particular, the SLP change
associated with the AMO also shows a clear northeast—
southwest orientation (highlighted by the red dashed
line in Fig. 2e) similar to the orientation of the SLP
changes in Fig. 2c. Therefore, the intensification of the
subtropical high during the early 1990s can be related to
a phase change of the AMO.

The linkage between the early-1990s strengthening of
the PMM intensity and the AMO can also be demon-
strated in Fig. 1b by adding the phase information for the
PDO and AMO into the figure. The figure shows that
the PDO switched from a negative phase (blue) to
a positive phase (red) around 1976, which is the year that
separates periods I and II. As for the AMO, its phase
switch occurred around 1995, which is close to the year
1993 that separates periods II and III. In period III, the
AMO switched to a positive phase, during which the
subtropical high should be intensified according to
the regression analysis (Fig. 2e). This analysis indicates
that the strengthening of the PMM intensity during the
early 1990s is closely linked to a phase change in the
AMO. As for the phase change of the PDO around 1976,
it does not show a significant impact on the PMM in-
tensity. This is likely because the PDO phase change
primarily affects the strength of the Aleutian low, which
does not produce a strong impact on the subtropical
Pacific coupling.

The possible influence of the AMO on the Pacific
subtropical high was further examined with 25 AMIP
model simulations, where observational SSTs are pre-
scribed from 1979 to 2010 to force AGCMs. Figure 5
shows the changes in the simulated mean SLPs between
periods III and II. During these two periods, the AMO
changed the phase from a negative to a positive in early
1990s while the PDO maintained its positive phase.
Therefore, the analysis of the model output can reveal
more concerning the influence of the AMO than that of
the PDO. To remove the possible contribution from
internal variability to the two-period difference, we used
the ensembles for each of the model simulations and
averaged across individual members of the same model.
We find from Fig. 5 that two AMIP models (MPI-ESM-
MR and CMCC-CM) produce distinct SLP changes near
Aleutian low and subtropical high that are very similar
to those found in observations. The next 13 models (BCC-
CSM1.1 to IPSL-CM5A-MR) in the figure produce a
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band of positive SLP differences extending from the
North Pacific to eastern subtropical Pacific. The positive
SLP differences in the subtropical Pacific penetrate well
into the PMM region enclosed by the green contours. The
last 10 models (ACCESS1.0 to NorESM1-M) of the figure
simulate a similar pattern of the SLP differences to the
previous group of models but with smaller magnitudes of
SLP changes in the subtropical Pacific. Therefore, a ma-
jority (15 out of 25) of the AMIP models analyzed here
produces an intensification of the subtropical high from
period II to III. As indicated by the multimodel mean
shown in the last panel of Fig. 5, positive SLP changes
occur significantly in the subtropical Pacific (i.e., the west
of the Baja California) that extend southwestward (i.e.,
northeast-southwest orientation) to the tropical central
Pacific. Based on these results, it is reasonable to state that
the AMO intensification of the Pacific subtropical high
can be confirmed by AGCM simulations, although the
magnitude of the impact is underestimated.

Therefore, it is useful to couple an AGCM to a slab
ocean model to further examine the impact of the AMO
on tropical Pacific SST variability. We chose to use the
NCAR Community Atmospheric Model, version 3
(CAM3; Collins et al. 2006) coupled to a mixed-layer
slab ocean model for these experiments. Two experi-
ments were conducted: an AMO positive-phase run
and an AMO negative-phase run, in which SSTs cor-
responding to the positive and negative phases of the
AMO, respectively, were prescribed over the North
Atlantic (0°-70°N). SSTs in other regions were predicted
using the slab ocean model. The prescribed North At-
lantic SSTs were constructed by adding (subtracting)
SST anomalies associated with the positive (negative)
phase of the AMO to the climatological SSTs. The SST
anomalies are defined as the regressed SST pattern onto
the AMO index (Fig. 6a) multiplied by a factor of 4. The
factor is used to insure that the model produces a strong
and clear enough response over the Pacific to the SST
forcing associated with the AMO. The model was in-
tegrated for 120 yr for each run and only the last 100 yr
were used for analysis.

Similar to most of the AMIP simulations, the SLP
differences between the two experiments (Fig. 6¢) are
characterized by a band of positive values extending
from high latitudes in the central Pacific to the eastern
Pacific subtropics. It is encouraging that the northeast—
southwest extension of the positive SLP differences can
also be found in the eastern subtropical Pacific that co-
incides with the location of the PMM of the coupled
model. The PMM strength (i.e., the correlation co-
efficient between the PMM SST and wind indices) dur-
ing boreal spring is larger in the AMO positive-phase
run (0.94), which has stronger background trade winds,
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FIG. 5. The differences of the DJFMAM-mean SLP between period I1I (1993-2004) and period II (1979-88) from 25 AMIP models and
NCEP-NCAR reanalysis. The model name is indicated at the top of each panel with the number of ensemble members used in brackets.
Solid (dashed) contours indicate positive (negative) differences with an interval of 0.3 hPa. The dotted areas are where SLP differences are
significant at the 95% level. The green contour represents the PMM region.

than in the AMO negative-phase run (0.88), which has
weaker background trade winds. The strength differ-
ence passes the 99% confidence level using a two-tailed
Student’s ¢ test. We then compared the interannual SST
variability between the two runs along the equator (the
standard deviation of the averaged SST anomalies over
5°S-5°N) during boreal winter [December—February
(DJF)], when El Nifio typically peaks. We found the

largest difference occurs in the central Pacific, where the
variability in the AMO positive-phase run is almost
double that in the AMO negative-phase run (Fig. 6d).
Therefore, this set of the coupled model experiments
confirms a switch of the AMO to its positive phase can
lead to an increase of SST variability in the tropical
central Pacific and increase the occurrence of the CP
El Nifio.



660 JOURNAL OF CLIMATE VOLUME 28
a) AMO pattern b) CAM3: SLP clim.
Jeon £ ) p ) DJFMAM
60°N
§45°N
530°N

15°N A

00
90°W 75°W 60°W 45°W 30°W 15°W 0° 120°E  150°E 180° 150°W 120°W  80°W
Longitude Longitude
(c) CAM3: SLP & U DJFMAM (d) CAM3: VAR(EQ.SST) DJF
75°N
- [
(5]
60°N £ 0.8 - -
5 0.6 -
T 45°N 2
= T 0.4 o
9 30°N N 0.2
5 0.2 -
o £
15°N s 0 =\
2 ~
0° -0.2 T T T T
120°E  150°E 180° 150°W 120°W  90°W 120°E  150°E 180° 150°W 120°W  80°W
Longifude Longitude
[ 1 T oo hPa
-0.1 0 0.1 0.2 0.3 0.4 05 0.6

FIG. 6. (a) The regressed SST anomalies over the North Atlantic onto the 10-yr low-pass-filtered standardized

AMO index, which were used to force an AMO positive-phase run. The contour interval is 0.1°C. (b) As in Fig. 2a but
for the simulated climatology using CAM3 slab ocean model. (c) As in Fig. 2c, but for the differences between the
AMO positive- and negative-phase runs. The green contour denotes the model PMM region. The red dashed line
highlights a northeast-southwest extension of the positive SLP difference and enhanced trade winds. (d) The dif-
ference in the equatorial Pacific SST variability (the standard deviation) in winter (DJF) between the two AMO runs,

normalized by that of the AMO negative-phase run.

4. Summary and discussion

The recent shift of El Nifio location has posed an in-
teresting challenge to existing theories of El Nifio, caused
several unexpected changes in global weather and climate
patterns, and stirred intense activity in the climate research
community (Capotondi et al. 2013). Analyzing observa-
tional data and numerical experiments, we showed here
that the recent emergence of the CP El Nifio can at least
partly be attributed to an AMO phase change via the
following chain of events: A switch in the AMO to its
positive phase in the early 1990s led to an intensification of
the Pacific subtropical high. The intensified high resulted
in stronger-than-average background trade winds that
enhanced the WES feedback mechanism, strengthening
the subtropical Pacific coupling between the atmosphere
and ocean and ultimately leading to increased interannual
SST variability in the equatorial central Pacific. Thus, the
shift in El Nifio to the CP type in recent decades can be
understood as a Pacific Ocean response to a phase change
in the AMO. Further understandings of the interbasin
interactions involved in this response will help improve
climate predictions in the Pacific.

This study does not identify the specific physical pro-
cesses that enable the AMO to influence the strength of

the Pacific subtropical high. Nevertheless, previous studies
have offered clues on the possible processes for the in-
fluence. Zhang and Delworth (2007), for example, sug-
gested an atmospheric teleconnection between the North
Pacific and the AMO using coupled model simulations.
During the positive AMO phase, the midlatitude storm
track is weakened over the North Pacific and Atlantic in
response to the northward oceanic heat transport, which
can lead to a poleward shift of the midlatitude jet stream.
The mass redistribution associated with this displacement
of the jet stream may affect the strength of the subtropical
high. Another important issue not addressed in this study
is the cause of the breakdown of the PMM strength
around the mid-1970s and early 1990s, when the PDO and
AMO changed their phases. It is possible that the atmo-
spheric and oceanic fields are less correlated when the
Pacific mean state was rapidly adjusting from one climate
regime to the other during the phase transition of the
PDO or AMO. Further investigations are needed to
better understand these two important issues.
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