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ABSTRACT

This study focuses on the climatic impacts of the Atlanticlfidecadal Oscillation (AMO) as a mode of internal vari-
ability. Given the dificulties involved in excluding thefiects of external forcing from internal variation, i.e., ogito the
short record length of instrumental observations and hgstbsimulations, we assess and compare the AMO and iteetela
climatic impacts both in observations and in the “Pre-inidak experiments of models participating in CMIP5. Firste
evaluate the skill of the 25 CMIP5 models’ “Historical” sitations in simulating the observational AMO, and find there i
generally a considerable range of skill among them in thisuré: Six of the models with higher skill relative to the athe
models are selected to investigate the AMO-related clirmapacts, and it is found that their “Pre-industrial” sintigas
capture the essential features of the AMO. A positive AMCQofawvarmer surface temperature around the North Atlantic,
and the Atlantic ITCZ shifts northward leading to more ralhfn the Sahel and less rainfall in Brazil. Furthermoreg th
results confirm the existence of a teleconnection betwee MO and East Asian surface temperature, as well as the late
withdrawal of the Indian summer monsoon, during positive @Mhases. These connections could be mainly caused by
internal climate variability. Opposite patterns are traethe negative phase of the AMO.
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1. Introduction variability and volcanic and anthropogenic aerosols (@tte

The Atlantic Multidecadal Oscillation (AMO)—the lead-St & 2010; Chylek etal., 2011; Booth et al, 2012). Based

. ) : ; on the 140-year instrumental record of SST, the AMO shows
ing pattern of SSTs in the North Atlantic region (Delwortré dominant period of around 65-80 years (e.g., Enfield et al.,

and Mann, 2(.)00; Enfleld_ etal, 2001_)‘“?‘5 attrz_;\cted cons )01; Sutton and Hodson, 2007; Ting et al., 2009). However,
erable attention due to its substantial climate impact. The . . ! .
paleoclimate and modeling studies suggest that the pefiod o

AMO is considered to be an internal climate variabilit , . .
mode related to the Atlantic Meridional Overturning Circu)Ehe AMO varies across a range of multidecadal imescales

: . . nd encompasses more than one single defined periodicity
l(itlon (Alsl\éll(v)v Sg{hagignhﬁgﬁﬁrvgggeoﬁngﬁ;%”ma%f dthgéal‘vl\fo?geray et al., 2004; Chylek et al., 2011; Medhaug and Fure-
9 OC in, 2000; zhang and Yik, 2011; Ting et al., 2011).
2005; Knight et al., 2006; Msadek et al., 2011; Ba et al., . : o
Despite the existence of many uncertainties related to the

2014; Drinkwater et al., 2014), glthough thg relationsfep bAMO, observational and modeling studies have shown that
tween the AMO and AMOC varies substantially from mode{ : . . : o~
it is associated with climate variability on the global sgal

to model (Medhaug and Furevik, 2011; Zhang and Wang, ; X
LTS ch as higher surface air temperature and decreased summer
2013). Furthermore, many model studies indicate that the ™. "~ % = .
. . : recipitation in North America (Sutton and Hodson, 2007),
AMO is also influenced by external forcing such as solar : A
increased surface air temperature and summer precipitatio

in Europe (Sutton and Hodson, 2005), a northward shift of
* Corresponding author: Feifei LUO the Atlantic ITCZ (Knight et al., 2006; Zhang and Delworth,
Email: luofeifei212@mail.iap.ac.cn 2006; Ting et al., 2011), more summer rainfall in the Sa-
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hel (Zhang and Delworth, 2006; Ting et al., 2011) and Ind&l., 2012).
(Goswami et al., 2006; Zhang and Delworth, 2006; Feng and The observational SST dataset is HadISST (Rayner et al.,
Hu, 2008; Li et al., 2008; Luo et al., 2011), intensified sun2003), spanning the years 1870-2010 and gridded tdat-0
mer rainfall in the middle-to-lower reaches of the Yangtzitude by 1.0 longitude. The monthly global land tempera-
River, and higher surface air temperature in all four sessdnre and precipitation for 1901-2009, on.&0x 0.5° grid, is
in East Asia (Lu et al., 2006; Li and Bates, 2007; Wang ebtained from the CRU TS 3.1 dataset (Mitchell and Jones,
al., 2009). It should be noted, however, that these stud@@05). Given the sparse records of HadISST and CRU over
depended on either relatively short observational rectiids  the polar regions, the monthly surface temperature anesali
torical experiments with climate models, or models forced ltompiled by NASA's GISS are applied, covering the years
observed or derived AMO S$flux anomalies (e.g., Zhang1880-2014 and on a@ x 2.0° grid (Hansen et al., 2006).
and Delworth, 2005; Lu et al., 2006; Li et al., 2008; Yu Before analysis, all of the model output, together with
et al.,, 2009). Hence, it is very hard to disentangle the cthe observational data, are interpolated ontda:22.0° grid
matic efects of the AMO from internal variations in the cli-using a linear interpolation scheme. To reduce the possible
mate system (Zhang and Wang, 2013). Moreover, the AMQOrmapacts of greenhouse gases, all of the “Historical” simula
associated impacts might be influenced by external forcitign, observation and reanalysis datasets are first detcend
(Cheng et al., 2013; Chiang et al., 2013; Dunstone et dinearly. Then, the detrended time series are low-pass fil-
2013; Wilcox et al., 2013; Martin et al., 2014; Allen, 2015).tered with a nine-point running-mean filter to obtain low-

In this study, we investigate the spatiotemporal charaitequency components. The degrees of freedom for-tests
teristics and climatic impacts of the AMO as a mode of inised throughout the study angd — 1, wheren stands for the
ternal variability, by comparing the “Pre-industrial Cooit  number of samples. The AMO index is defined as the yearly
output of models participating in CMIP5 with observationsaveraged low-frequency SST anomaly in the North Atlantic
Following this introduction, section 2 describes the modbehsin (0—6C0°N, 75°-7.5W) (Enfield et al., 2001; Wang et
and datasets used; section 3 compares the CMIP5-simulatkd2009).
AMO and related climatic patterns with observations; and fi-
nally, a summary and discussion is provided in section 4.

3. Resaults

2. Moddsand data 3.1. Model selection

The modeled monthly SST, surface temperature and pre- First, we evaluate (by comparing with observation) the
cipitation are utilized in this study, based on the two types skill of the 25 CMIP5 models in terms of their “Historical”
simulations in CMIP5: (1) “Historical” simulations for 185 simulations of the AMO. Spectral analysis shows that the ob-
2005, with observed forcing agents, including emissions served AMO index exhibits one dominant period of around
concentrations of well-mixed greenhouse gases, natuchl &0-70 years (Fig. 1a), consistent with earlier studies.,(e.g
anthropogenic aerosols, solar forcing and land use chargdield et al., 2001; Kavvada et al., 2013). As for the models
(Taylor et al., 2012); (2)“Pre-industrial Control” simtitans, [Figs. 1(b)—(z)], most showdominant periods of around 10—
with non-evolving and pre-industrial conditions, inclodi 70 years, with more than one significant peak. FGOALS-g2
prescribed well-mixed gases, natural aerosols or theaysre and GFDL-ESM2G are the exceptions, showing no signifi-
sors, and some short-lived species (Taylor et al., 2012). dant period on the decadal-to-multidecadal timescaleurgig
the “Pre-industrial Control” simulations, solar forcirgkept 2 displays the similarities between the modeled and obderve
constant and there are no volcanoes. Output is downloadddO index via a Taylor diagram (Taylor, 2001). It is clear
from the PCMDI CMIP5 website (httpcmdi9.linl.goy that the models dier substantially in their representation of
esgf-web-f@). The “Historical” simulations are used for thethe evolution of the AMO index, exhibiting a wide range of
validation and selection of CMIP5 models, and the “Préemporal correlation cdgcients from—0.3 to 0.6. This is
industrial” simulations focus on the AMO’s characteristicexpected, considering there is no initialization of theaote
and impacts on temperature and precipitation, which indienditions, and the intrinsic stochastic forcing in the misd
cates the internal variability of the AMO. Table 1 lists thd he majority of the models have weaker amplitudes, less than
modeling group, model name, the horizontal resolution ef tlor equal to one standard deviation of the observation.
oceanic and atmospheric components, and ensemble mem-The spatial structures of the AMO in the models are com-
bers, for each of the 25 chosen models. Additionally, the tinpared with those in the observation (Fig. 3). Similar to many
spans of the “Pre-industrial” simulations for the six modsrevious studies (e.g., Delworth and Mann, 2000; Zhang and
els chosen from these 25 for further analysis are also listé&klworth, 2005; Kavvada et al., 2013; Zhang and Wang,
Ten models are earth system models, including ocean andft13; Ba et al., 2014), the observational pattern is charac-
mospheric chemistry and interactive land surface prosesderized by a horseshoe-like pattern, with a maximum center
More detailed information on the CMIP5 models and exsouth of Greenland and east of Newfoundland in the midlati-
periments can be found at httgmip-pcmdi.linl.goycmipy  tude Atlantic (the domain represented by the black square in
experimentdesign.html,and in related papers (e.g., Taylor &ig. 3a), and with relatively weak anomalies along the coast
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Table 1. Details of the 25 CMIP5 models’ “Historical” simulationsasix models’ (in bold type) “Pre-industrial” simulationsed in this
paper. The model names in italic type indicate they are egdtem models.

Reference OceanX, Y Atmosphere Ensemble Timespan
number Model name Modeling group grid-points)  (Lon xLat) number (yr)
1 ACCESS1.0 CSIRO-BOM, Australia 363800 188° x1.25° 2 —
2 ACCESSL1.3 CSIRO-BOM, Australia 36(B00 188°x1.25° 2 —
3 BCCCSM1.1 BCC, China 360232 281° x2.81° 3 —
4 BCC_CSM1.1(m) BCC, China 36 232 113 x1.13 3 400
5 CCSM4 NCAR, USA 32 384 125° x0.94° 6 —
6 CESM1(BGC) NCAR, USA 320x 384 125° x 0.94° 1 —
7 CESM1(CAMb5) NCAR, USA 320x 384 125° x0.94° 3 —
8 CESM1(FAST CHEM) NCAR, USA 320x 384 125° x 0.94° 3 —
9 CESM1(WACCM) NCAR, USA 320x 384 25°%x1.88° 1 —
10 CNRM-CM5 CNRM-CERFACS, France 362292 141° x 1.41° 10 850
11 CSIROMK3.6.0 CSIRO-QCCCE, Australia 19289 188°x1.88° 10 —
12 FGOALS-g2 LASG, IAP, China 360196 I %x2871° 4 —
13 FIO-ESM First Institute of Oceanography, China 32884 281°x2.81° 3 —
14 GFDLCM3 NOAA GFDL, USA 360x 210 25°x2° 5 500
15 GFDL-ESM2G NOAA GFDL, USA 360x 210 25°x2° 1 —
16 GISS-E2-H NASA, USA 14490 25°x2° 5 —
17 HadGEM2-CC Met Office Hadley Centre, UK 360216 188 x1.24° 1 —
18 INM-CM4.0 Institute for Numerical Mathematics, 360x 340 2x15° 1 500
Russia
19 IPSL-CM5A-LR IPSL, France 182149 375’ x1.88 3 —
20 IPSL-CM5A-MR IPSL, France 182149 25°x1.26° 3 300
21 IPSL-CM5B-LR IPSL, France 182149 375’ x1.88 1 —
22 MPI-ESM-LR Max Planck Institute for Meteorology, 256x 220 188> x 1.88° 3 —
Germany
23 MPI-ESM-P Max Planck Institute for Meteorology, 256x 220 188> x 1.88° 2 1156
Germany
24 MRI-CGCM3 Meteorological Research Institute, 360x 368 113¥ x 113 3 —
Japan
25 NorESM1-ME Norwegian Climate Centre, Norway 32384 25°x1.88 3 —

of Northwest Africa and extending westward into the tropicanomalies can be found to the southeast of Newfoundland
Figure 4 shows the similarities between the modeled AMi@ some of the models. And third, the subtropitralpical
patterns and that observed via a Taylor diagram (the bettearming in most of the models is not presented in the same
the model, the shorter the distance between the model avaly as in the observation, with some of the warming situ-
“OBS"). The skill of the diterent models varies greatly, rep-ated to the north relative to that observed. Thesiedinces
resented by the wide range of spatial correlatiorfitcients not only exist between the observation and the models, but
(SCCs) (from-0.3 to 0.6) and normalized standard deviaalso from model to model. The normalized standard devia-
tions (from 0.2 to 7.1) (Fig. 4). These diversities betwden t tions of some models are greater than one standard deviation
models and the observation are mainly manifested in threkthe observation, which is likely due to the strong warming
aspects. First, although the maximum anomalies in the ma@dteund Greenland in these models (Fig. 3).

els are in the mid—high latitudes, the centers depart fran th The above-mentioned analyses suggest a wide range of
observation, locating to the north or east. Second, negatskillamong the models in simulating the observational AMO.
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Fig. 1. Power spectrum of the AMO index for the (a) observation (1381 and (1-25) the models. The power spectrum is given
by the black line, significant above the red line at the 5%lleve

Model selection is based on the following criteria: (1) & sig
nificant multidecadal period; (2) a temporal normalizedhsta
dard deviation within the range 0.5 standard deviations of
the observation; (3) spatial correlations above 0.3; (4}iap
normalized standard deviations within the range-afstan-

02 dard deviations of the observation. Table 2 summarizes the
0P selection criteria and shows that six models qualify for se-
lection. These six models[BCCSM1.1(m), CNRM-CMS5,

\
0-99 | ; \wx/ \ \} 1 4099 GFDLCMS3, INM-CM4.0, IPSL-CM5A-MR, and MPI-ESM-
1ot —— LI 1o P] are therefore employed to investigate the AMO-relatid cl
1.50 1.25 1.00 0.75 0.50 0.25 0.0 0.25 0.50 0.75 OBS 1.25 1.50 . . .
Standardized Deviations (Normalized) matic patterns in the internal natural system.

Fig. 2. Taylor diagram showing the temporal features of the 3.2. The AMO in the "Pre-industrial” simulations

AMO index for the period 1874—2001. Theaxis shows the The six models’ “Pre-industrial” simulations show one
normalized standard deviation and the arc shows the cerreladominant period of 20—70 years (Fig. 5). Compared to the pe-
tion values between observations and the ensemble mean faiod of the “Historical” simulation for each model, the peudi
each model. The red numbers correspond to the model referof the “Pre-industrial” simulations shows some obvious dif
ence numbers listed in Table 1. ferences. For example, in the “Historical” simulation, MPI
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Fig. 3. Regressions of SST onto the standardized AMO index in thelfagrvation and (1-25)
models. Black dots indicate statistical significance at:t88% confidence level, based on the
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Table 2. AMO selection criteria for the models (the six models chofmnthe “Pre-industrial” simulations are in bold type). Aoss
indicates that: (1) the model has no significant multidecadeaod (third column); (2) the temporal standard deviataf the model is
outside the range af0.5 standard deviations of the observation (fourth colyrt®))the spatial correlation between the observation and
model is less than 0.3 (fifth column); and (4) the spatialddath deviation of the model is outside the rangectfstandard deviations of
the observation (sixth column).

AMO
Temporal Features Spatial Features
Reference number Model name Period Standard deviation elatan Standard deviation
1 ACCESS1.0 X
2 ACCESS1.3
3 BCC.CSM1.1 X
4 BCC_CSM1.1(m)
5 CCsM4 X
6 CESM1(BGC) X
7 CESM1(CAMb5) X
8 CESM1(FAST CHEM) X
9 CESM1(WACCM) X
10 CNRM-CM5
11 CSIROMK3.6.0 X
12 FGOALS-g2 X X
13 FIO-ESM X
14 GFDLCM3
15 GFDL-ESM2G X X X
16 GISS-E2-H X X
17 HadGEM2-CC X
18 INM-CM4.0
19 IPSL-CM5A-LR X
20 IPSL-CM5A-MR
21 IPSL-CM5B-LR X
22 MPI-ESM-LR X
23 MPI-ESM-P
24 MRI-CGCM3 X
25 NorESM1-ME X X

multidecadal periods. Theftierence may be due to the dif-
ferent forcing conditions between the two simulations.|l&ab

3 displays the standard deviations of the AMO index results.
Both in the “Pre-industrial” and “Historical” simulationthe

six modeled amplitudes are weaker than the observed ampli-
tude (0.15C).

Table 3. Standard deviations of the AMO index in the six selected
models’ “Historical” and “Pre-industrial” simulations .h€ standard
deviation of the observed AMO index is 0°15. Units: °C.

40 30 20 10050005088 20 30 40
Standardized Deviations (Normalized) Model Historical Pre-industrial
Fig. 4. Taylor diagram showing the spatial features of the re- BCC.CSM1.1(m) 0.09 0.06
gressions displayed by Fig. 3. Note that GFDL-ESM2G has a CNRM-CM5 0.08 0.10
normalized standard deviation larger than 4.0 and is navsho ~ GFDLCM3 0.12 0.09

INM-CM4.0 0.09 0.10

- |PSL-CM5A-MR 0.11 0.10
ESM-P has only one peak period of around 70 years, bWPI-ESM-P 0.10 012

in the “Pre-industrial” simulation it has multiple signidiot
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Fig. 5. Power spectrum of the AMO index for the six selected moddPse*industrial” simulations. The power spec-
trum is given by the black line, significant above the red hhéhe 5% level.
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Fig. 6. Regressions of SST onto the standardized AMO index in theadected models’ “Pre-industrial” simulations. Black
dots indicate statistical significance at th1@85% confidence level, based on thest. Units:°C.

Figure 6 shows the spatial patterns of SST variations d@ese analyses indicate the existence of the AMO as an in-
sociated with the positive phase of the AMO in the “Praernal mode in the six models, and imply that it is rational to
industrial” simulations. The dlierences in the spatial patterngnvestigate the AMO-related climatic patterns based osehe
between the “Historical” simulation and observation alge esix models’ “Pre-industrial” simulations.
ist in the “Pre-industrial” simulation. However, the “Pre-
industrial” simulations still capture the essential featiof 3.3. AMO-related climatic patterns
the observed AMO, as indicated by the high SCCs from O%]3 1. Surface temperature
to 0.67 (Fig. 6). It is interesting that the patterns in fotiro = ™"
the six models’ “Pre-industrial” simulations are closethe Figure 7 displays the AMO-related spatial patterns of sur-
observation than they are for their “Historical” simulatto face temperature in the observations in all four seasons. On
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Fig. 7. Regressions of surface temperature onto the standardie&d iAdex: (a—d) CRU (for land temperature) and
HadISST (for SST); (e—h) GISS. Black dots indicate statidtsignificance at the95% confidence level, based on the
t-test. Units:°C.

decadal-to-multidecadal timescales, oceanic thermadliconsons (Fig. 7). During positive AMO phases, the SSTs show
tions play a key role in influencing climate variability (Bfe a basin-scale cooling in the South Atlantic, and a maximum
nes, 1964; Gulev et al., 2013). Hence, we first examine thiose to the Weddell Sea. For the Pacific, the observations
AMO-related patterns of surface temperature in the oceaow a tripolar pattern with positive temperature anorsalie

The observations exhibit analogous spatial patterns seall in the North and South Pacific, and slightly negative temper-
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ature anomalies in the equatorial Pacific (Dong et al., 2006pls are present over most of the Northern Hemisphere. The
For the Indian Ocean, there is a warm signal in both HadIS&MO-related SST patterns bear no obvious seasonality and
(Figs. 7a—d) and GISS (Figs. 7e-h), though the area of sigrihow warm anomalies over the equatorial Pacific, most of the
icance is much smaller in the former than the latter. North Pacific and Indian oceans, in addition to the North At-

As for the AMO-related surface temperature over lanthntic. For the AMO-related surface temperature over land,
we focus on the Northern Hemisphere, considering the largecan be seen that there is a warming over Greenland, with
impact on the Northern Hemisphere than the Southern Heraimaximum extent in winter and spring and a minimum in
sphere and the lower reliability of the data for the Southesummer. Over eastern North America and North Africa, the
Hemisphere compared with the Northern Hemisphere for therming exists in all four seasons. For Eurasia, warming can
first half of the 1900s. Observations show increased tempbe seen in all four seasons over the Scandinavian Peninsula,
atures over Greenland in all four seasons, maximum anoroantral Asia and eastern Asia. In particular, there is a band
lies in winter, and minimum anomalies in summer (Fig. 7hf warming from the Scandinavian Peninsula to East Asia in
Warming appears over the whole of the North American coautumn.
tinent in winter, summer and autumn, while there is an east— Compared to the observations, a number difedénces
west dipolar pattern with cooling over eastern North Americcan be found in the models. First, the models are unable to
and warming over western North America in spring (Fig. 7kapture the signals of the Southern Hemisphere and the neg-
Warming can be found over North Africa in all seasons estive surface temperature anomalies in the observatiaol, s
cept summer (Fig. 7). In winter, a tripolar pattern is appare as those over western North America in spring and over Eura-
characterized by warm—cold—warm anomalies from north $ta in winter and spring. Second, there is an opposite signal
south over Eurasia (Figs. 7a and e). In spring, the anomalieshe equatorial Pacific, in which the models portray pesiti
exhibit an east—west pattern, with cooling over Europe aadomalies but the observations show weakly negative anoma-
warming over most of Asia (Figs. 7b and f). In summer anlies. However, besides the warming in the North Atlantic, a
autumn, Europe and eastern Asia show positive anomalieember of similarities can be seen between the observations
except for a slight cooling over central Asia (Figs. 7c—m). land models, such as the warming in the North Pacific, Green-
addition, a dipolar seesaw of the surface temperature beer tand, Scandinavian Peninsula, most of North America, North
Arctic and Antarctic is apparent in GISS in winter and springfrica and East Asia.

(Chylek et al., 2010).

To illustrate the regions that have signals that agr
among the six models(Figs. S1-S4 in the supporting infor- Given that the impact of the AMO on precipitation mainly
mation), we mark refblue dots to represent the matchingccurs in summer and autumn (e.g., Sutton and Hodson,
positivenegative regression cfigients in all of the models 2005, 2007; Zhang and Delworth, 2006; Goswami et al.,
(Fig. 8). As can be seen, there is little similarity in the 8eu 2006; Wang et al., 2009; Kavvada et al., 2013), we focus
ern Hemisphere among the models, and matchingpositive digre on discussing these two seasons. Figure 9 shows the spa-

3e3-2. Precipitation
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Fig. 8. Regression cdicients of surface temperature onto the AMO in each of theadecsed models, where the sign
of the regression agrees. Red dots indicate positiviicimats.
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tial pattern of precipitation associated with positive pémof ern Pacific, which is related to the warming in these regions.
the AMO in the observation. Increased rainfall can be sedtoreover, the models produce precipitation patterns that r
over the Sahel and north of Brazil, but decreased rainfalt o.semble the observed patterns of more rainfall over the Sahel
Brazil, which is a result of the northward shift of the Atlant and less rainfall over Brazil, and the late withdrawal of the
ITCZ (Ting et al., 2011). The amplitude of rainfall over théndian summer monsoon. However, more rainfall is apparent
Sahel is stronger in summer than in autumn. Less rainfaller Europe in autumn in the models, but there is no such
is apparent over North America in these two seasons. Eurgignificant rainfall in the observation. Additionally, amu
features a dipolar pattern, with more rainfall over westeunn ber of the signals in the observation cannot be found in the
rope and less rainfall over eastern Europe in summer. Thereiodels, such as the enhanced rainfall over Siberia in sum-
enhanced rainfall over Siberia in summer. For the East Asiarer. It should also be mentioned that less rainfall over Bout
summer monsoon, a positive AMO favors intensified rainfathina in summer is apparent, which is contrary to the obser-
over East Asia, but less rainfall in autumn. In additiony¢hevational results and previous studies (Lu et al., 2006; Wang
is more rainfall over India in the two seasons, which indésatet al., 2009; Yu et al., 2009). The reason is unclear and needs
a late withdrawal of the Indian summer monsoon (Lu et atg be investigated further.
2006; Luo et al., 2011).

Similar to Fig. 8, Fig. 10 displays signals of precipitation
in the six models (Figs. S5-S6 in the supplementary matefi- Summary and discussion
als) that agree. Relative to surface temperature, howiheer,
precipitation signals are less distinct. Enhanced prestiph Given the dificulties involved in removing the impacts of
is situated north of the equator over the Atlantic, implyingxternal forcing from the AMO in instrumental records and
a northward shift of the Atlantic ITCZ. More rainfall can behistorical simulations, the “Historical” and “Pre-indtist
seen over the North Atlantic, Caribbean Sea and tropical edgontrol” simulations of 25 CMIP5 models are used to in-

90N
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0 60E  120E 180  120W  BOW 0
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30S 1
(b)SON S —
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Fig. 9. Regressions of precipitation (based on CRU data) onto thedatdized
AMO index. Black dots indicate statistical significance la +95% confidence
level, based on thetest. Units: mm d?.
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Fig. 10. Regression cdicients of precipitation onto the AMO in each of the six se-
lected models, where the sign of the regression agrees. ®edhdlicate positive coef-
ficients, and blue dots negative.

vestigate the AMO as a mode ofinternal variability, and its Based on the results of the “Pre-industrial” simulations,
associated climatic impacts. First, we assess the skili®f two hypotheses are proposed. Ding et al. (2014) suggested
25 models in simulating the observed AMO, based on theirat the recent surface warming in winter over eastern Ganad
“Historical” simulations. The results suggest a wide raafje and Greenland is likely caused by the natural climate vari-
skill among the models. Six models that demonstrate bettdaility. Here, we also show that the warming over Greenland
skill relative to the other models are selected via certain ds natural climate variability, but related to the AMO inste
lection criteria. The “Pre-industrial” simulations of #eesix of LaNifia-like SST over the eastern equatorial Pacific. The
models also capture the essential features of the AMO, mecent Eurasian cooling has been suggested to be related to
cluding the multidecadal variability and basin-scale wiaign the Arctic sea-ice decline (e.g., Honda et al., 2009; Wu et
in the North Atlantic. al., 2013; Gao et al., 2015) and warming SSTs in the North
The modeled AMO-related surface temperatures sh@dwantic (Magnusdottir et al., 2004). However, our resirts
the AMO may have a larger impact on the Northern than tipdy that this recent cooling may not be relatedto the warming
Southern Hemisphere. Compared to observations, the &S&Ts in the North Atlantic.
tinct difference is the opposite signals in the eastern tropical The modeled AMO-related rainfall displays a meridional
Pacific, where SSTs play an important role in AMO-relateshift northward of the Atlantic ITCZ, subsequently leading
non-local impacts (Zhang and Delworth, 2005; Chen et amore rainfall over the Caribbean Sea and the Sahel, but less
2014). As for the surface temperature over land, the main diéinfall over Brazil. In addition, more rainfall can be fadin
ference is that the negative anomalies over Eurasia andhNaver the North Atlantic corresponding to the magnitude ef th
America in the observations are not reproduced in the modelarming there. This variability of rainfall over land as Wel
during positive AMO phases. Nonetheless, two key similaas the increased rainfall over India in autumn in the models i
ities are found: (1) warming in the North Pacific; and (2yonsistent with that observed.
warming over Greenland, the Scandinavian Peninsula, North In summary, there is good agreement between the ob-
Africa, eastern North America, and East Asia. servation and models in terms of the AMO-related signals
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around the North Atlantic. However, a number offeiences Geophys. Res. Atmo4$20, 9087-9102, doi: 10.10¢2015JD
should nevertheless be noted. The reason why the negative 023623.
surface temperatures related to positive phases of the AMBa, J., and Coauthors, 2014: A multi-model comparison of At-
observed over Eurasia and North America are not reproduced !antic multidecadal variabilityClimate Dyn, 43, 23332348,
by the models remains unclear, although three possisilitie doi: 10'1007500382'914',2056'?' ) )
are suggested as follows: The first is the model bias in Simda_jerknes,_J., 1964: Atlantic air-sea interactidwvances in Geo-
lating the backgroud atmospheric circulation. Kavvadd.et a physics 10, 1-82.

. . Booth, B. B. B., N. J. Dunstone, P. R. Halloran, T. Andrews] an
(2013) pointed out that models successfully cap_turlng the o N. Bellouin, 2012: Aerosols implicated as a prime driver of
served features over the ocean do not necessarily alsaeaptu  yyentieth-century North Atlantic climate variabilitiature
the observed atmospheric pattern. The second is the ldrge di 484, 228-232.
ference between the models and observations in terms of tkihen, W., R. Y. Lu, and B. W. Dong, 2014: Intensified anticydto
North Pacific SST anomalies,which could influence the sur-  anomaly over the western North Pacific during El Nifio de-
face temperature over North America and Europe throughthe caying summer under a weakened Atlantic thermohaline cir-
atmospheric circulation (Frankignoul and Sennéchadl720 culation.J. Geophys. Res. Atmp419, 13 637-13 650, doi:
And the third is the limitations of the observational dat@du  10.10022014JD022199.

to short instrumental records, or impacts from externatfor €heng. W., J. C. H. Chiang, and D. X. Zhang, 2013: Atlantic
ing (Suo et al., 2013) meridional overturning circulation (AMOC) in CMIP5 mod-

Regarding AMO remote connections, the same signals 3'1357RCP and historical simulations. Climate 26, 7187~

are mainly shown for the warmi.ng in the North Pa(_:ific andChiang, J-C.-H., C.-Y. Chang, and M.-F. Wehner, 2013: L-ong
East Asia, as well as the late withdrawal of the Indian sum-  term pehavior of the Atlantic interhemispheric SST gratlien
mer monsoon during positive AMO phases. This is consis-  in the CMIP5 historical simulationsl. Climate 26, 8628—
tenet with many previous studies (Zhang and Delworth, 2005;  8640.

Lu et al., 2006; Wang et al., 2009; Zhou et al., 2015). TheChylek, P., C. K. Folland, G. Lesins, and M. K. Dubey, 2010:
oceanic SST anomalies may be the primary cause inducing Twentieth century bipolar seesaw of the Arctic and Antarc-
temperaturgainfall change over East Agladia (Lu et al., tic surface air temperatureSeophys. Res. Let87, L08703,
2006; Li et al., 2008; Zhou et al., 2015). But how the AMO _ doi: 10.102¢2010GL042793. ,

links to the SST variations of the North Pacific is unclear. Be "Y€k P., C. K. Folland, H. A. Dijkstra, G. Lesins, and M. K.
sides, the impact of the AMO on East Asia may be associated Dubey, 2011: Ice-core data evidence for a prominent near 20

. year time-scale of the Atlantic Multidecadal OscillatiG@eo-
with the surface temperature changes from the Greenland Sea phys. Res. Lett38, L13704, doi: 10.1022011GL047501.

to the Kara Sea,linked to sea ice (Li etal., 2015). ... Delworth, T. L., and M. E. Mann, 2000: Observed and simulated
The AMO-related surface temperature and precipitation  mjtidecadal variability in the Northern Hemisphe@imate
patterns can be found in “Pre-industrial” simulations, evhi Dyn., 16, 661-676.

means that these may be related to internal climate variabibing, Q. H., J. M. Wallace, D. S. Battisti, E. J. Steig, A. J. E.
ity. The AMO is considered as a vital decadal-scalepredicto  Gallant, H.J. Kim, and L. Geng, 2014: Tropical forcing of
because of its low-frequency nature (Keenlyside et al.8200 the recent rapid Arctic warming in northeastern Canada and
Hurrell et al., 2009; Meehl et al., 2009; Kavvada et al., 2013 GreenlandNature 509(7499), 209-212.

This study provides clues for decadal prediction in region®°ng. B. W., R. T. Sutton, and A. A. Scaife, 2006: Multidedada
mainly influenced by internal climate variability, on thesiza modulation of El Nifio-Southern Oscillation (ENSO) vartan

of the view that the real climate consists of natural interna 0¥ Alantic Ocean sea surface temperatu@sophys Res

L . . . . Lett, 33, LO8705, doi: 10.1022006GL025766.
variability and external forcing (Luo and Li, 2014; Steinma Drinkwater, K. F., M. Miles, . Medhaug, O. H. Otter&, T. Kris

etal., 2015). tiansen, S. Sundbya, and Y. Q. Gao, 2014: The Atlantic Multi-
decadal Oscillation: Its manifestations and impacts wit-s
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