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ABSTRACT

We simulate the response of Asian summer climate to Atlantic multidecadal oscillation (AMO)-like sea
surface temperature (SST) anomalies using an intermediate-complexity general circulation model (IGCM4).
Experiments are performed with seven individual AMO SST anomalies obtained from CMIP5/PMIP3 global
climate models as well as their multimodel mean, globally and over the North Atlantic Ocean only, for both
the positive and negative phases of the AMO. During the positive (warm) AMO phase, a Rossby wave train
propagates eastward, causing a high pressure and warm and dry surface anomalies over eastern China and
Japan. During the negative (cool) phase of the AMO, the midlatitude Rossby wave train is less robust, but the
model does simulate a warm and dry South Asian monsoon, associated with the movement of the intertropical
convergence zone in the tropical Atlantic. The circulation response and associated temperature and pre-
cipitation anomalies are sensitive to the choice of AMO SST anomaly pattern. A comparison between global
SST and North Atlantic SST perturbation experiments indicates that East Asian climate anomalies are forced
from the North Atlantic region, whereas South Asian climate anomalies are more strongly affected by the
AMO-related SST anomalies outside the North Atlantic region. Experiments conducted with different am-
plitudes of negative and positive AMO anomalies show that the temperature response is linear with respect to
SST anomaly but the precipitation response is nonlinear.

1. Introduction

Sea surface temperatures (SST) in the North Atlantic
Ocean exhibit multidecadal ßuctuations (Schlesinger
and Ramankutty 1994; Delworth and Mann 2000; Zhang
and Delworth 2005; Ghosh et al. 2016; Wang et al. 2017;
OÕReilly et al. 2019) that are commonly expressed as the
Atlantic multidecadal oscillation (AMO). The AMO

is a basin-scale SST variation in the North Atlantic
characterized by alternating basin-scale warming and
cooling with an apparent period of 65Ð80 years and an
amplitude of 0.48C during the instrumental period ( Kerr
2000; EnÞeld et al. 2001). Variability in the North Atlantic
Ocean occurs because of both internal processes (Delworth
et al. 1993; Knight et al. 2005) and external forcings such
as volcanic, solar, and anthropogenic effects (Cubasch
et al. 1997; Otter å et al. 2010; Chylek et al. 2011;
Knudsen et al. 2011; Booth et al. 2012; Wang et al. 2017).
The AMO is sometimes referred to as the internally
generated component of Atlantic multidecadal vari-
ability (AMV) and is the largest contributor to the AMV
(Wang et al. 2017; Coats and Smerdon 2017), whereas
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other studies use the two terms synonymously (Keenlyside
et al. 2016).

The AMO primarily reßects internal variability asso-
ciated with the Atlantic meridional overturning circu-
lation ( Zhang and Delworth 2005; Sutton and Hodson
2005; Knight et al. 2006; Ting et al. 2011). SST variations
are related to ocean density anomalies in deep water
formation regions of the North Atlantic and associated
ocean heat transport ßuctuations (Folland et al. 1986;
Gray et al. 1997; Delworth and Mann 2000; Knight et al.
2005; Msadek et al. 2011; Zhang and Wang. 2013). The
AMO contributes to multidecadal ßuctuations in the
global-mean surface temperature (Kajtar et al. 2019)
and exerts signiÞcant inßuences on monsoons in differ-
ent parts of the globe (Trenberth et al. 2000; An et al.
2015; Monerie et al. 2019). Both observational and cli-
mate model studies have shown that the AMO affects
climate in regions such as North America (Schubert
et al. 2004; McCabe et al. 2004; Sutton and Hodson 2005;
Feng et al. 2011; Oglesby et al. 2012; Hu and Veres 2016)
and Europe (Sutton and Hodson 2005; Ghosh et al. 2016)
and impacts on Atlantic hurricane frequency (Goldenberg
et al. 2001; McCabe et al. 2004; Zhang and Delworth
2006), Sahel rainfall (Zhang and Delworth 2006) and
spring precipitation in northeastern Brazil ( Knight
et al. 2006).

The AMO may also inßuence East Asian climate in
summer (Lu et al. 2006; Li and Bates 2007; Liu and
Chiang 2012; Xia et al. 2013; Li and Luo 2013; Gao et al.
2014; Qian et al. 2014; Si and Ding 2016; Zhu et al. 2016)
and winter (Li and Bates 2007; Sun et al. 2012). Wang
et al. (2009) found that the inßuence of AMO favoring
warmer temperature in East Asia exists in all seasons of
the year. Multidecadal variability in heat-wave events
over eastern China has also been attributed to the AMO
(Xia et al. 2016). Apart from the instrumental data and
modeling studies discussed above, a relationship be-
tween East Asian temperature and the AMO has also
been suggested in past climate studies using paleo-
climatic evidence (Li et al. 2015; Wang et al. 2013, 2014;
Fang et al. 2019). The AMO inßuences East Asia by the
propagation of Rossby waves (Knight et al. 2005; Li and
Bates 2007; Li et al. 2008; Grossmann and Klotzbach
2009; Luo et al. 2011), which can extend all the way to
North America ( Si and Ding 2016). The AMO also af-
fects the East Asian summer (Zhang et al. 2018) and
winter monsoons (Hao and He 2017) by altering the
interhemispheric thermal contrast (Dong et al. 2006;
Wang et al. 2009).

Several observational and modeling studies suggest
that the AMO inßuences South Asian climate, particu-
larly the Indian summer monsoon (ISM): a positive or
negative AMO phase respectively corresponds to a

strengthening or weakening of the ISM (Zhang and
Delworth 2005; Goswami et al. 2006; Li et al. 2008;
Wang et al. 2009; Msadek and Frankignoul 2009).
Goswami et al. (2006), Luo et al. (2011), and Lu et al.
(2006) found that a warm phase of the AMO causes a
late withdrawal of the ISM and hence enhanced seasonal
rainfall. Other studies suggest that any AMO inßuence
on rainfall within India during the ISM varies between
regions (Knight et al. 2006; Lu et al. 2006; Zhang and
Delworth 2006; Wang et al. 2009). The AMOÐISM tel-
econnections may extend back to the past two millennia
(Feng and Hu 2008) and earlier in the Holocene (Gupta
et al. 2003; Fleitmann et al. 2003). It has also been found
that the ISM can have a remote impact on the variability
of East Asian climate through atmospheric teleconnec-
tion patterns forced by diabatic heating associated with
the monsoon (Hoskins and Rodwell 1995; Ding and
Wang 2005; Greatbatch et al. 2013).

It has been suggested that the AMO can change the
meridional temperature gradient between the Asian
continent and the tropical Indian Ocean, which then
inßuences the intensity of the ISM (Goswami et al. 2006;
Lu et al. 2006; Feng and Hu 2008; Wang et al. 2009; Luo
et al. 2011; Msadek et al. 2011). Zhang and Delworth
(2006) suggested that the warm AMO in their model
leads to a northward shift of the intertropical conver-
gence zone (ITCZ) and surface southwesterly anomalies
over the Sahel and India and consequently a stronger
ISM. Li et al. (2008) suggested that warm extratropical
North Atlantic SSTs increase local rainfall, inducing an
extratropical wave train response. The latter leads to
intensiÞed northern subsidence of monsoon mean me-
ridional streamßow as well as widespread low surface
pressure over North Africa, the Middle East, and the
western Indian Ocean contributing to a strengthened
Indian monsoon trough and increased monsoon rainfall.
Another possible mechanism linking the Atlantic region
with Asian monsoons is through airÐsea interactions, in
which a positive AMO leads to warm SST responses in
the Indo-PaciÞc region (Dong et al. 2006; Zhou et al.
2015; Sun et al. 2017) and an anomalous easterly wind
response in the equatorial western PaciÞc Ocean. This
intensiÞes the landÐsea thermodynamic contrast and
causes an enhanced ISM.Luo et al. (2011) suggested
that the consistency between uncoupled atmospheric
models and coupled climate models for the relationship
for AMOÐISM suggests that atmospheric dynamical
processes play the most important role.

In summary, recent work shows that the AMO is a sig-
niÞcant source of variability for Asian climates but the
effects vary seasonally, among regions, and also among
models; limitations of observational datasets also leave
considerable uncertainty. Furthermore,Ratna et al. (2019)
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highlight the potentially confounding effects of external
forcing when evaluating AMOÐAsia teleconnections
and that different GCMs produce quite different Asian
responses to the AMO. Previous literature focused on
how different AMO phases relate to climate responses
over different parts of the globe. However, there has not
been an investigation of how different AMO SST pat-
terns affect the climate response over South and East
Asia. So, we have designed atmospheric model experi-
ments to understand the response to different AMO-
like SST patterns over the North Atlantic on the South
and East Asia climate.

We formulate the following research questions:

(i) Different coupled GCMs simulate different linkages
between AMO and South and East Asia: is this
because they simulate different AMO SST anomaly
patterns (in either the North Atlantic or elsewhere)?

(ii) Do the opposite phases of the AMO (AMO 1 and
AMO 2 ) result in different responses of circulation,
temperature, and precipitation over South and East
Asia in summer?

(iii) Is the annual and seasonal temperature and precip-
itation response over South and East Asia linear with
respect to the sign and amplitude of SST forcing?

To answer these questions, we used the AMO SST
patterns (seesection 2 for more details) diagnosed by
Ratna et al. (2019) from seven CMIP5 models to force
the intermediate-complexity general circulation model
(IGCM4) atmospheric model ( Joshi et al. 2015) to un-
derstand how the AMO induces the seasonal tempera-
ture and precipitation responses over South and East
Asia (SEA). Section 2 outlines the model, data, and
method. Section 3 compares the CMIP5 and IGCM4
simulations of the SEA surface temperature response to
AMO. The spatial patterns of SEA temperature, pre-
cipitation response to AMO and the related mechanisms
are discussed insection 4. The area-averaged South and
East Asian monsoon responses to AMO and related
mechanisms are discussed insection 5and the nonline-
arity of these area-averaged responses is considered in
section 6. The conclusions are presented insection 7.

2. Data, model, and experimental design

a. CMIP5 SST data

In this study we use composited SST Þelds of AMO
events based on the study byRatna et al. (2019), who
used seven CMIP5 models (BCC, CCSM4, MPI,
HadCM3, MRI, IPSL, and CSIRO; see their Table 1
for model details) covering the period CE 850Ð2000.
As in their study, the AMO index is the area-weighted
North Atlantic (0 8Ð658N, 808WÐ08) monthly mean SST

anomaly (SSTA) calculated after subtracting the global-
mean SST anomaly time series. The inßuence of any re-
sidual long-term drift or anthropogenic transient forcing
is minimized by Þrst removing the linear trend from the
time series. The data are then passed through a 30-yr low-
pass Þlter to isolate multidecadal variability [seeRatna
et al. (2019) for details].

Composites of SST anomalies are constructed using
years when the AMO index is higher or lower than 1
standard deviation, respectively denoted AMO1 and
AMO 2 and shown in Fig. 1. The composite AMO 1
SST patterns for the individual models (Figs. 1aÐg) and
the multimodel mean (Fig. 1h) show the different SST
patterns. The multimodel mean (Fig. 1h) is dominated
by positive SST in the North Atlantic, but also an asso-
ciation with warm SSTs extending into the Atlantic
sector of the Arctic (enhanced near the sea ice edge) and
with warm SSTs in the North PaciÞc (with a spatial
structure similar to the PDO). It is linked with negative
SSTA in almost all the Southern Hemisphere, perhaps
indicative of enhanced heat transport from the Southern
Hemisphere (SH) to the Northern Hemisphere (NH)
during AMO 1 phases. All main regions of warm and
cool anomalies are statistically signiÞcant.

Similarly, the composite AMO 2 SST patterns for
the individual models (Figs. 1jÐp) and the multimodel
mean (Fig. 1q) show a diversity of SST patterns. The
multimodel-mean AMO 2 SST pattern (Fig. 1q) shows
the opposite sign of the AMO 1 in many locations, but
with different amplitude in some regions. The zero
anomaly line is close to 408S for the AMO 2 composite
(Fig. 1q) but is in the NH for the AMO 1 composite, a
striking difference that could affect the response of the
ITCZ to tropical SST gradients. This contrast between
the AMO 1 and AMO 2 composites may partly reßect
the association between periods of strong volcanic
forcing and AMO 2 conditions, though we have re-
duced this affect by creating composites using an AMO
index with the global-mean SST subtracted (Ratna
et al. 2019).

The intermodel spread (indicated by the standard
deviation; Figs. 1i,r) highlights model differences in the
amplitude and location of SSTA in the North Atlantic as
well as differences in the Southern Ocean SSTA. North
Atlantic SSTA . 0.1 K are conÞned to a smaller region
in the BCC ( Fig. 1a) and MRI ( Fig. 1e) models, whereas
in the other models these warm anomalies are more
extensive (either spreading farther north or south or
both). This is reßected in the area-mean North Atlantic
SSTA, which show the smallest differences between
AMO 1 and AMO 2 composites for the BCC (Figs. 1a,j)
and MRI ( Figs. 1e,n) models. The largest differences
between AMO 1 and AMO 2 composites are for the
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FIG . 1. Composite annual-mean SST anomaly (K) for AMO events obtained from seven CMIP5 models (BCC,
CCSM4, MPI, HadCM3, MRI, IPSL, and CSIRO) for (a)Ð(g) AMO 1 events and (j)Ð(p) AMO2 events. The
stippling shows where the individual model composites are signiÞcant (at 90% level) using a StudentÕst test. Also
shown are the mean SST of seven models for (h) AMO1 and (q) AMO 2 events and the intermodel standard
deviation for (i) AMO 1 and (r) AMO 2 events. The values and the corresponding color labels for the standard
deviation are from 0 to . 0.5 K.
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CSIRO ( Figs. 1g,p) and IPSL (Figs. 1f,o) models. The
CCSM4 (Figs. 1b,k) model shows the greatest asym-
metry between AMO 1 and AMO 2 , being among the
least warm for AMO 1 but second coolest for AMO 2 .
CCSM4 is also the only model to show near-global
cooling during its AMO 2 events (Fig. 1k). Other
models show strong warming in parts of the Southern
Ocean during their AMO 2 phases (Figs. 1j,m,o) and
this diversity raises the intermodel spread there
(Fig. 1r). There is also diversity in the Southern Ocean
SSTA for the AMO 1 composites, although with re-
duced magnitude.

b. IGCM4 model

The IGCM4 ( Joshi et al. 2015) is a global spectral
primitive equation climate model whose predecessors
have extensively been used in climate research, process
modeling, and atmospheric dynamics (van der Wiel
et al. 2016; OÕ Callaghan et al. 2014). IGCM4 has a
spectral truncation of T42 (and a 1283 64 horizontal
grid) and 20 layers in the vertical direction (from the
surface to 50 hPa) denoted as T42L20, which is the
standard conÞguration for studies of the troposphere
and climate. For information about the physical pa-
rameterization schemes used in this model, refer toJoshi
et al. (2015). The IGCM differs from CMIP5 GCMs in
that its convection scheme, based on the BettsÐMiller
convection scheme, is simpler than most CMIP5 GCMs
(see Joshi et al. 2015; Forster et al. 2000). Large-scale
clouds are handled by a relative humidity-based scheme
(Slingo 1987). The surfaceÐatmosphere exchange schemes
are stability based (Forster et al. 2000) and simpler than
in some CMIP5 GCMs. The soil model is a two-layer
bucket model, and there is no model for canopy ab-
sorption (Forster et al. 2000). The IGCM4 gives a good
representation of the mean state, which, for instance, is
comparable to CMIP5 GCMs for precipitation (Figs. 4
and 5 of Joshi et al. 2015).

c. Experimental design

Climatological SSTs in the IGCM are obtained from the
NOAA/Earth System Research Laboratories Twentieth
Century Reanalysis, version 2 (20CRv2;Compo et al.
2011), for the period 1871Ð1920; this IGCM4 simulation
is denoted CTRL. We used the standard conÞguration
mixing ratios as given in Joshi et al. (2015). The model-
simulated climatology in comparison with the reanalysis
climatology and the details can be found in the supple-
mental text section and Fig. S1 of the online supplemental
material).

Each of the composite SSTA patterns (Fig. 1) was
multiplied by 2 [similar to the method of Monerie et al.
(2019)] to strengthen the signal-to-noise ratio and added

to the 20CR climatology to provide the forcing for an
IGCM simulation. All other boundaries conditions were
the same as in CTRL. The surface albedo was adjusted
to indicate the presence or absence of sea ice according
to whether the new surface temperature was below
freezing. These eight experiments (seven individual
SSTA patterns and the multimodel-mean SSTA) with
AMO 1 and eight with AMO 2 SST anomalies are re-
ferred to here as AMOglo 1 and AMOglo 2 , respectively.
To understand whether the climate response comes from
the North Atlantic or elsewhere, we conducted a parallel
set of experiments by adding the AMO SST anomaly
over the North Atlantic only, denoted AMOatl 1 and
AMOatl 2 , respectively. The notations of all of the SST
forced experiments are

1) AMOglo 1 : 20CR SST plus 23 AMO 1 global SSTA,
2) AMOglo 2 : 20CR SST plus 23 AMO 2 global SSTA,
3) AMOatl 1 : 20CR SST plus 23 AMO 1 SSTA only

over the North Atlantic and Arctic, and
4) AMOatl 2 : 20CR SST plus 23 AMO 2 SSTA only

over the North Atlantic and Arctic.

Last, we test the linearity of the climatic response to
the AMO by performing additional experiments with a
magnitude from 1 (13 ) to 5 times (53 ) the AMO SST
anomaly (hereinafter 13 SSTÐ53 SST) for both positive
and negative phases of AMO. These linearity experi-
ments use only MEANsst, which is the mean of SSTA
from seven CMIP5 models, and the SST anomaly ap-
plied to the North Atlantic only (same as AMOatl 1 and
AMOatl 2 ).

For each simulation, the model is integrated for 55
years and the mean of the last 50 years is analyzed (the
Þrst 5 years are excluded to allow model spinup). We
focus on the boreal summer (MayÐSeptember) clima-
tology because South and East Asia experience max-
imum temperature and rainfall during this season.
However, some results are also given for annual or
boreal winter when needed to illustrate seasonally
dependent responses. We have analyzed the impact of
the AMO SSTA patterns by subtracting the Þnal 50-yr
mean of the CTRL simulation from the 50-yr mean of
each experiment simulation.

3. Comparing CMIP5 and IGCM Asian
temperature responses to the AMO

Ratna et al. (2019) showed that the AMO was posi-
tively correlated with surface air temperatures over
South and East Asia during the last millennium period,
but that this relationship is not stationary in time and
space between the seven CMIP5 models analyzed.
These intermodel variations arise from differences in
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each modelsÕ AMO-related SST pattern (Fig. 1, all
panels) and from differences in each modelsÕ dynamical
response to the SST.Figure 2aillustrates these different
behaviors for the AMO 1 composite in the CMIP5
models themselves.Figure 2b shows that IGCM4, when
forced by the same SSTA patterns, is able to simulate an
overall warming of annual-mean temperature in this
region in response to AMOglo1 forcing. Some model-
speciÞc behavior (e.g., the contrast between warming
north of 258N and cooling south of that in HadCM3 and
CSIRO) is also reproduced, suggesting that the strong
northÐsouth gradient may arise from the structure of the
SSTA itself and that IGCM4Õs dynamical response to
the SSTA is similar to those CMIP5 models. However,
IGCM4 simulates a strong northÐsouth gradient in re-
sponse to the IPSL AMOglo1 SSTA but the IPSL
CMIP5 model itself has no latitudinal gradient and
only a weak association between Asian temperature
and its positive AMO phase (Figs. 2a,b). This indicates a
different dynamical response between IPSL and IGCM4.
A similar conclusion is found for the BCC model, though
this could partly arise from the weaker SST anomaly for
that model noted earlier.

The differences between the AMOglo1 (Fig. 2b) and
AMOatl 1 (Fig. 2c) simulations indicate that part of the
Asian temperature response arises from SST anomalies
outside the North Atlantic that are associated with the
AMO. For example, the northÐsouth gradient in annual-
mean temperature response noted above for SST pat-
terns diagnosed from the HadCM3, IPSL, and CSIRO
models is weaker when only the North Atlantic part of
these SST patterns is used. There is a tendency for the
southernmost parts of Asia to cool in those models that
simulate cooler north Indian Ocean SST during posi-
tive AMO phases, as is evident in the air temperature
anomalies above the ocean inFig. 2b (particularly
HadCM3 and CSIRO) that are suppressed in the
AMOatl 1 experiments (Fig. 2c).

For the AMO 2 composite, all seven CMIP5 models
simulate cold anomalies across the South and East Asia
region (Fig. 3a), with a few regional exceptions, and
IGCM4 simulates an overall cooling in this region when
driven by their SSTA patterns (Fig. 3b), but with addi-
tional localized warm anomalies. In the CMIP5 last
millennium simulations, the cooling in this region is
stronger than the warming during AMO 1 phases and
Ratna et al. (2019) showed that this can arise from pe-
riods with strong volcanic forcing cooling both the North
Atlantic and East Asia. Ratna et al. (2019)showed that
external forcing (principally the Þngerprint of volcanic
cooling) changed (strengthened) the correlation be-
tween the AMO and Asian climate CMIP5 last millen-
nium simulations. The AMO 2 SSTA composites used

here to force the IGCM4 may therefore partly represent
volcanic cooling effects as well as internal variability,
although the volcanic contribution is reduced (see Fig. 4
of Ratna et al. 2019) by using an AMO index with
global-mean SST subtracted.

As with the AMO 1 composite, the weaker IGCM4
signal when driven by the BCC AMOglo 2 SSTA pat-
tern might be because that model has the weakest North
Atlantic SST anomaly. Similarly, HadCM3 and CSIRO
simulate warm anomalies over central and peninsular
India during AMO 2 phases and these characteristics
are simulated by IGCM4 when forced by the HadCM3
and CSIRO SSTA patterns (Fig. 3b). However, IGCM4
also simulated warmth in this region for all AMO 2
SSTA patterns except that diagnosed from CCSM4, and
in most cases this warm anomaly is still present when the
SSTA is restricted to the North Atlantic ( Fig. 3c). This
suggests that it may be a dynamical response to cool the
North Atlantic SSTA that is present in IGCM4 and in
some CMIP5 models.

These results indicate that the intermodel variations
arise from differences in each modelsÕ AMO-related
SST pattern and associated dynamical response to the
different SST, which was well simulated by the IGCM4
when forced by the same SSTA patterns (CMIP5). Also,
the annual-mean temperature in this region in response
to global SSTA and North AtlanticÐonly SSTA, indicate
that part of the Asian temperature response arises from
SST anomalies outside the North Atlantic that are as-
sociated with the AMO. So, it is important to under-
stand the mechanisms that are responsible for such
simulated behavior, which is discussed in the next
section.

4. Mechanisms responsible for the AMO inßuence
on South and East Asian climate

This section explores the mechanisms involved in
the AMO teleconnection to South and East Asia based
on the different SST patterns of the IGCM4 model
simulations. First, we consider the midtropospheric
circulation response in the AMOglo 1 and AMOatl 1
experiments, and also for AMOglo2 and AMOatl 2 .
We focus this analysis on the summer [MayÐSeptember
(MJJAS)] climate for reasons given earlier.

a. AMOglo 1 vs AMOatl 1

The AMOglo 1 experiment with MEANsst (multimodel-
mean SSTA from positive phases of AMO) indicates
an extended summer season dynamical response with
ÔÔpositiveÐnegativeÐpositiveÕÕ 500-hPa geopotential
height anomalies over northwesternÐcentralÐeastern
regions of Asia (Fig. 4a, top panel). This pattern is
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FIG . 2. Surface air temperature anomalies (K) during positive AMO events for (a) CMIP5, (b) IGCM AMOglo 1 ,
and (c) IGCM AMOatl 1 simulations. Because the IGCM experiments are conducted with 23 SST anomalies, the
CMIP5 values here are multiplied by 2 for comparison. The dotted marks show where the IGCM simulations are
signiÞcant at 90% level using a StudentÕst test. The two boxes marked in (a) are the two regions chosen as MSA
(58Ð388N; 688Ð968E) and MEA (20 8Ð408N; 1008Ð1238E); for further analysis, seesection 7.
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part of a Rossby wave train originating over the North
Atlantic that is apparent in the 200-hPa meridional
wind anomalies and propagates to the Asian region
(Fig. S2 in the online supplemental material). Associated
with this are ÔÔwarmÐcoldÐwarmÕÕ surface temperature

anomalies (Fig. 4b, top panel). The summer anticy-
clonic circulation simulated at 850 hPa over eastern
China/Japan (Fig. 4c, top panel) extends to the upper
troposphere indicating the barotropic nature of the cir-
culation. This anticyclonic circulation over the eastern

FIG . 3. As in Fig. 2, but for negative AMO events.
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