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ABSTRACT

TheAtlanticmultidecadal oscillation (AMO) in sea surface temperature (SST) has been shown to influence

the climate of the surrounding continents. However, it is unclear to what extent the observed impact of the

AMO is related to the thermodynamical influence of the SST variability or the changes in large-scale at-

mospheric circulation. Here, an analog method is used to decompose the observed impact of the AMO into

dynamical and residual components of surface air temperature (SAT) and precipitation over the adjacent

continents. Over Europe the influence of the AMO is clearest during the summer, when the warm SAT

anomalies are interpreted to be primarily thermodynamically driven by warm upstream SST anomalies but

also amplified by the anomalous atmospheric circulation. The overall precipitation response to the AMO in

summer is generally less significant than the SAT but is mostly dynamically driven. The decomposition is also

applied to theNorthAmerican summer and the Sahel rainy season. Both dynamical and residual influences on

the anomalous precipitation over the Sahel are substantial, with the former dominating over the western

Sahel region and the latter being largest over the eastern Sahel region. The results have potential implications

for understanding the spread in AMO variability in coupled climate models and decadal prediction systems.

1. Introduction

NorthAtlantic sea surface temperature (SST) exhibits

low-frequency variability, on the order of multiple de-

cades, which is referred to as Atlantic multidecadal

variability or the Atlantic multidecadal oscillation

(AMO) (Enfield et al. 2001). Over North America, the

warm phase of the AMO is associated with warmer

summers and significantly drier conditions over much of

the south and southeast of the continent for most of the

year (McCabe et al. 2004; Nigam et al. 2011; Ruiz-

Barradas and Nigam 2005; Sutton and Hodson 2005),

with opposing effects during the cold phase of theAMO.

Over Africa, the warm phase of the AMO is associated

with a large increase in Sahel precipitation during the

rainy season, with drier conditions in the cool phase

(Folland et al. 1986; Knight et al. 2006; Martin and

Thorncroft 2014b; Ting et al. 2009).

The observed influence of the AMO over Europe

depends on the season. During summer, the warm phase

of the AMO is associated with warmer surface air tem-

peratures over most of the continent and increased

precipitation over northwestern Europe (Knight et al.

2006; Sutton and Dong 2012; Sutton and Hodson 2005).

It has also been shown that the AMO influences the

length of European summers, which are longer in

the warm phase of the AMO (Peña-Ortiz et al. 2015).

The autumn is generally associated with warmer tem-

peratures, particularly in northern Europe, during the

warm phase of the AMO, whereas the spring is mainly

associated with warmer temperatures over western

Europe (Sutton and Dong 2012). These regional dif-

ferences in season are associated with large-scale at-

mospheric circulation anomalies, such that a substantial

portion of the observed anomalies in temperature

or precipitation associated with the AMO variability

may be due to the anomalous flow patterns rather than
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directly associated with warmer conditions upstream

over the North Atlantic. This may also be the case

during winter, when the warm phase of the AMO has

been linked by some studies with cold temperature

anomalies over much of central and western Europe

(Gastineau and Frankignoul 2015; Häkkinen et al. 2011;

Peings and Magnusdottir 2014; Ting et al. 2014;

Yamamoto and Palter 2016). However, the extent to

which the observed impact on European climate is de-

pendent on the anomalous large-scale circulation re-

sponse, which also varies by season, remains unclear.

Recently there have been significant efforts to model

the impact of AMO variability on the climate of the

surrounding continents. This is especially important

given the relatively short observational record. The

circulation fields exhibit significant variability between

model simulations, vary by model, and are also de-

pendent on variability in the tropical Pacific (Schubert

et al. 2009) but do manage to capture many of the key

features. For example, over Europe, idealized experi-

ments with prescribed SSTs do capture, to some extent,

the negative summer NAO response (Folland et al.

2009) to the warm phase of the AMO, with a negative

SLP anomaly over the United Kingdom (Msadek et al.

2011; Sutton and Hodson 2005), albeit weaker than in

the observations; this has also been seen in simulations

using coupled climate models (Knight et al. 2006) and is

consistent with a linear baroclinic response to surface

heating (Ghosh et al. 2016). The low geopotential anom-

aly observed downstream of the warm midlatitude North

Atlantic SST anomaly during summer has also been

demonstrated in a series of aquaplanet experiments by

Veres andHu (2015). In the CMIP5models, however, the

extratropical circulation response to the AMO is poorly

captured in all seasons (Kavvada et al. 2013; Peings et al.

2016), although the models are able to somewhat re-

alistically capture the influence of North Atlantic SSTs on

theWestAfricanmonsoon (Martin andThorncroft 2014a;

Ting et al. 2011). As such, the large spread in model re-

sponse to the AMO in different regions and seasons is

likely related to the differing ability with which they are

able to capture the observed circulation response.

Whilemodel simulations have helped to elucidate how

the atmospheric circulation responds to the AMO, to

what extent these circulation anomalies govern the im-

pact of the AMO on the surrounding continents is not at

all clear. In this paper, we estimate the contribution of

the circulation anomalies associated with the AMO to

the observed impact of the AMO on surface climate. To

do this we employ a constructed circulation analog

technique (Deser et al. 2016) to decompose the impact of

the AMO on precipitation and surface air temperature.

This reveals a dynamical response to the AMO and a

residual, which in many cases can be interpreted as a

thermodynamic response. The contribution of the cir-

culation anomalies to the observed impact of theAMO is

found to vary by season and region. This method sheds

light on why models do not tend to perform well in

capturing certain features in response to the AMO. The

datasets and dynamical circulation analog methods are

described in the following section. In section 3, we ana-

lyze the decomposed response to the AMO over Europe

in the different seasons, focusing mainly on the summer.

We then discuss the decomposed response over Africa

and North America in section 4. A brief summary and

further discussion follows in section 5.

2. Methods

a. Datasets

Weanalyze data from the period 1901–2010, inclusive,

which is the common period of all datasets used in the

study. To assess the impact of theAMOover continental

regions, we use surface air temperature (SAT) and

precipitation over land from the Climatic Research Unit

Time Series (CRU TS), version 3.23 (Harris et al. 2014),

on a 0.58 3 0.58 grid. We use SSTs from the Hadley

Centre Sea Ice and Sea Surface Temperature dataset

(HadISST; Rayner et al. 2003) on a 18 3 18 grid.
Dynamical circulation analogs (described below) were

produced using monthly mean sea level pressure (SLP)

anomalies from three different datasets. Multiple SLP

datasets are considered because together they can

provide ameasure of the robustness (and to an extent the

uncertainty) of the atmospheric circulation anomalies,

and the relevant dynamical decomposition, associated

with the AMO. The first is the European Centre for

Medium-Range Weather Forecasts twentieth century

reanalysis (ERA-20C) dataset (Poli et al. 2013), on a

2.58 3 2.58 grid, which is produced by assimilating only

surface pressure and marine wind observations. The

second SLP dataset is the Twentieth Century Reanalysis

(20CR) (Compo et al. 2011), on a 28 3 28 grid, which is

also an atmospheric reanalysis that is produced by as-

similating surface pressure and marine wind observa-

tions. The final SLP dataset analyzed is the second

Hadley Centre Sea Level Pressure dataset (HadSLP2)

(Allan and Ansell 2006), on a coarser 58 3 58 grid, which
is produced from marine observations and station ob-

servations over land with missing data filled using an

optimal interpolation method. We will present results

from ERA-20C, but differences and similarities with

respect to 20CR and HadSLP2 will be discussed (and

some additional plots for 20CR and HadSLP2 are also

included in the supplemental material).
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For all datasets, monthly mean anomalies were calcu-

lated by removing a monthly climatology from monthly

averaged data over the period of our analysis, from

January 1901 to December 2010. The anomalies were

then linearly detrended over the whole period. The re-

sults presented in this paper were also tested with a

quadratic detrending, and the qualitative findings were

not found to be sensitive to themethod of detrending (see

Fig. S13 in the supplemental material for an example).

b. Constructed circulation analogs

To estimate the components of precipitation and SAT

that are solely due to atmospheric circulation anomalies,

we compute empirical circulation analogs, applying the

constructed circulation analog method of Deser et al.

(2016). Analog techniques have previously been used

for statistical weather forecasting (Lorenz 1969; Van

den Dool 1994; Van den Dool et al. 2003) and, more

recently, to assess the role of global warming on cold

European winters (Cattiaux et al. 2010). The con-

structed analog method used here aims to calculate the

SAT (or precipitation) anomalies that are associated

with the large-scale circulation anomalies and is similar

to the gridpoint partial least squares method employed

by Smoliak et al. (2010), Wallace et al. (2012), and

Smoliak et al. (2015). The Deser et al. (2016) method is

preferred here because the calculation that produces the

circulation analogs can be simply extended to other

fields, to construct the anomaly associated with a par-

ticular circulation pattern. Deser et al. (2016) demon-

strated (in Fig. S1 of their paper) that the constructed

approach yields similar estimates as the pointwise par-

tial least squares method of Smoliak et al. (2015) for the

dynamical contribution to observed wintertime SAT

trends over North America.

We use monthly SLP anomalies to characterize the

dynamical circulation anomalies. For each month, the

Euclidean distance is calculated between the (area

weighted) SLP anomaly of the target month and all

other SLP anomalies corresponding to the same calen-

dar month (i.e., each January is compared with all other

Januaries). The Euclidean distance is calculated on the

target region: for example, the European region is de-

fined as 308–908N, 608W–608E. The 80 months that are

closest to the target month are then selected, excluding

those that occur within 5 years of the target month to

avoid sampling the neighboring years. A subsample of

50 months is then randomly selected from the set of the

80 closest months. We then calculate the optimal linear

fit (in a least squares sense) of the 50-month subsample

to the target SLP field, using multiple linear regression.

Fitting this subsample of 50 months to the target month

yields a regression coefficient for each of the 50 months,

which can be used to construct the analog SLP anomaly.

The random subsampling and fitting to the target SLP

field is repeated 100 times, and the resulting 100 con-

structed SLP fields are then averaged to obtain an ana-

log SLP field. The repeated subsampling ensures that

the analog SLP field closely represents the target SLP

field but is not overly determined by any particular

month in the dataset. We found the results are in-

sensitive to the exact number of ‘‘closest’’ months,

number of subsampled months, or the number of re-

peated subsamples performed [see also the appendix of

Deser et al. (2016)].

The dynamical SAT and precipitation analog fields,

associated with the circulation anomaly, are calculated

during the procedure that calculates the analog SLP

field. When calculating the optimal linear fit to the

target SLP field, the regression coefficients yielded are

multiplied by the SAT/precipitation anomaly for the

respective month. The subsampling results in 100 esti-

mates for the dynamical SAT/precipitation anomaly,

which are averaged to obtain a ‘‘best’’ estimate of the

dynamical SAT/precipitation anomaly. This process is

repeated for every month in the SAT and precipitation

datasets. The monthly full and dynamical anomalies for

each field are averaged over 3-month periods to pro-

duce seasonal anomalies; the residual anomaly is then

calculated by subtracting the dynamical anomaly from

the full anomaly. In section 3a, we estimate the un-

certainty in this by using the 100 random subsamples

used to produce the constructed analogs for each

month. One of the subsamples for each month in a

season is randomly selected, and these are combined

to produce one seasonal analog. This process is then

repeated 1000 times, and the uncertainty is measured

from the resulting distribution.

To estimate the uncertainty in the dynamical de-

composition, the 100 random subsamples used to pro-

duce the constructed analogs for each month were

randomly combined 1000 times, producing 1000 random

seasonal analogs (the shading in Fig. 7, described in

greater detail below, indicates the 5%–95% range of this

distribution for each year).

An example of the dynamical circulation analog over

Europe for the summer season [defined as the June–

August mean (JJA)] is shown in Fig. 1 for the year 1990.

The full SLP anomaly for the season is clearly well cap-

tured throughout the European sector by the dynamical

SLP anomaly field (cf. Fig. 1a with Fig. 1b), which was

constructed using the analog technique. The residual SLP

anomaly is small everywhere within the European target

region, which gives confidence that the analog method is

able to effectively reconstruct the seasonal circulation

anomalies. The year 1990 is selected at random, but the
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scales of the seasonal SLP anomalies over the European

sector are not particularly unusual, and the residual is

similarly small for all seasons and years. To test how well

the constructed analog SLP anomalies are able to capture

the full anomaly fields for each season, we calculated the

fraction of the explained variance (i.e., the squared cor-

relation coefficient r2) for each season, and almost 100%

of the variance of the full SLP anomaly fields is captured

by the constructed analogs in all seasons (see Fig. S1 for an

example for the European winter analogs).

The decomposition of SAT and precipitation anom-

alies for summer 1990 are shown in Fig. 2. For this

particular season, the dynamical circulation analogs

suggest that the cold anomaly over eastern Europe

(Fig. 2a) is primarily dynamically induced by northerly

winds associated with the western edge of the cyclonic

circulation anomaly. Over Scandinavia the temperature

anomalies are weak, given what would be estimated

using this method from the anomalous circulation alone

[i.e., the dynamical SAT anomaly (Fig. 2c)], which

would typically be associated with warm anomalies as a

result of anomalous southerly flow. The residual SAT

anomaly is therefore cold over Scandinavia. The largest

residual SAT anomaly is found over northern Russia, on

the eastern edge of the analysis region. While this may

be related to SLP anomalies from outside the region of

interest, maps of the fraction of explained variance

(shown later in Fig. 3) do not show an abrupt drop close

to the edge of the analysis region; for example, the ex-

plained variance fraction drops to 0.5 about 108 outside
the target region (i.e., Fig. S1). The decomposition of

precipitation is less clear, largely because of the smaller

scale of the precipitation anomalies themselves. The

dry anomaly over central and western Europe occurs

under a region of anomalous high pressure, whereas

the positive precipitation anomaly over Russia occurs

under a region of anomalous low pressure. This dy-

namical precipitation anomaly broadly corresponds to

the full precipitation anomaly (i.e., Fig. 2b), but there

is still a sizeable residual precipitation anomaly (i.e.,

Fig. 2f), particularly around the Black Sea, where the

dry anomalies are not captured by the dynamical

precipitation.

From the dynamical anomaly fields calculated for

each year and each season, we can analyze how much of

the total interannual variability for each field can be

explained by the dynamically induced anomalies. The

fraction of variance explained (i.e., r2) by the dynamical

anomaly fields over Europe for each season is shown in

Fig. 3. In terms of SAT variability, the dynamical

anomalies explain the majority of the variability over

the entire continent during winter [December–February

(DJF)], whereas, in the other seasons, the dynamical

component accounts for around 50% of the variance

over most of the continent. The fraction of total in-

terannual precipitation variability that is explained by

the dynamical anomalies is much noisier than the

equivalent SAT fields, which is likely because of the

shorter length scale of precipitation anomalies com-

pared to SAT anomalies. During all seasons, the highest

fraction of variance explained by the dynamical compo-

nent occurs over northwestern Europe and is particularly

striking in winter (i.e., Fig. 3b). Farther downstream, over

eastern Europe and Russia, there is more spread between

the different seasons.

The residual anomaly in each dataset will include any

influences from thermodynamic processes: for example,

the advection by the climatological flow of the anoma-

lous air temperature and humidity over the ocean, local

radiative forcing from clouds, and soil moisture anom-

alies, which are not directly linked to circulation

anomalies. Of course, the residual anomalies are also

likely to include a reasonable amount of ‘‘noise’’ that is

not clearly related to thermodynamics but results from

the empirical nature of the decomposition. However, we

anticipate that much of this noise will be filtered out

when calculating composite differences of the anomaly

fields between the warm and cold phases of the AMO

FIG. 1. Example of the dynamical analog SLP reconstruction for

summer (i.e., JJA) of 1990 for (a) the full SLP anomaly, (b) the

dynamical SLP anomaly produced using the analog reconstruction

method, and (c) the residual SLP anomaly.

7216 JOURNAL OF CL IMATE VOLUME 30



(section 2c), which is the main focus of this paper. It

should be noted that, since we use monthly anomaly

data, the impact of smaller-scale dynamical features that

occur on time scales less than a month will only be

represented if it has a signature in the monthly SLP

anomalies. This means that the impact of individual

extratropical storms are to some extent expected to be

accounted for where the seasonal SLP anomalies are

closely related to seasonal storm-track anomalies, which

is the case, for example, over Europe during the summer

season (Dong et al. 2013). Whereas, smaller mesoscale

and convective systems are likely to be represented to

some extent in the residual.

c. AMO index

To assess the influence of the AMO on the sur-

rounding continental regions, we use an annual AMO

index over the North Atlantic region (08–608N, 808–
08W) calculated using linearly detrended1 SST anoma-

lies, shown in Fig. 4. We use the AMO index to identify

warm periods (1931–60 and 1996–2010) and cold periods

FIG. 2. Example of the dynamical analogs for (left) SAT and (right) precipitation associated with the circulation

anomalies for summer (i.e., JJA) of 1990 for (a),(b) the full anomalies; (c),(d) the dynamical anomalies produced

using the analog reconstruction method; and (e),(f) the residual anomalies.

1 The results presented here are not particularly sensitive to the

method of detrending (for an example of the European summer,

see Fig. S13).
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(1902–25 and 1964–93) of the AMO, and these are in-

dicated in Fig. 4. The influence of the AMO on different

fields is then estimated by taking composite differences

between warm periods and cold periods of the AMO.

The same approach was used by Sutton and Dong

(2012), and we analyze the same periods; however,

Sutton and Dong (2012) only considered the later cold

period in their analysis. The differences in SST

FIG. 3. The fraction of variance explained by the dynamical SAT and precipitation anomalies for each season.
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anomalies between the warm and cold periods of the

AMO are shown for each season in Fig. 4.

d. Significance tests

The statistical significance of the composite differ-

ences between the warm and cold phases of the AMO

were calculated using a two-sided Student’s t test on the

seasonally averaged anomalies (e.g., von Storch and

Zwiers 2002). The sample size N is taken to be the

number of years that make up the warm/cold AMO

composites. To account for the year-to-year autocorre-

lation, the effective sample size was calculated according

toNeff 5N[(12 r)/(11 r)] (e.g., Bretherton et al. 1999),

where Neff is the effective sample size, and r is the lag-1

autocorrelation, calculated at each grid point for each of

the different datasets. Negative autocorrelations were

set to zero (i.e., r$ 0) such that the effective sample size

was never greater than the actual number of years within

each composite (i:e., Neff #N).

3. Decomposition of the AMO influence on
Europe

We calculate the typical seasonal anomalies associ-

ated with the AMO variability by calculating the com-

posite difference between the warm and cold phases of

the AMO index (shown in Fig. 4). This is performed for

the full, dynamical, and residual seasonal anomalies of

SAT and precipitation, as well as SLP. Composite dif-

ference maps will be shown for the decomposition using

the ERA-20C dataset, but comparisons with the other

datasets will be discussed. Pattern correlation of the

dynamical SAT/precipitation difference in the ERA-

20C dataset with the equivalent 20CR and HadSLP2

composite difference maps are given in Table 1 (the full

maps are included in the supplemental material). Where

the difference maps of the residual anomaly fields are

significant and the decomposition is similar across the

different datasets, we can tentatively interpret them as

being of thermodynamic origin, an estimate of the

anomaly associated with the AMO in the absence of

circulation changes. This decomposition allows us to

estimate to what extent the observed impact of the

TABLE 1. Spatial correlation values of the dynamical compo-

nents of theAMO impact [i.e., the dynamical differencemaps (e.g.,

Figs. 6c,d)] for the decomposition calculated using 20CR or

HadSLP2, compared with ERA-20C. Values are calculated for the

regions shown in the maps of each region, using each grid point

over land.

SAT Precipitation

20CR HadSLP2 20CR HadSLP2

Europe in JJA 0.91 0.82 0.71 0.73

Europe in DJF 0.94 0.88 0.71 0.71

Europe in MAM 0.93 0.85 0.75 0.74

Europe in SON 0.72 0.61 0.66 0.49

North America

in JJA

0.70 0.68 0.55 0.50

Africa in JJASO 0.92 0.87 0.84 0.68

FIG. 4. (a) The time series of the annually averaged detrended

SST anomaly averaged over theNorthAtlantic (08–608N, 808–08W)

is shown in light blue. The 5-yr moving average of the index is

overlaid in dark blue. The blue/red horizontal lines indicate the

warm periods (1931–60 and 1996–2010) and cold periods (1902–25

and 1964–93) of the AMO. (b)–(e) The difference between (de-

trended) SST anomalies between warm and cold phases of the

AMO. Stippling indicates where the anomalies are significant at

the 95% level.
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AMO is as a result of the seasonal circulation anomalies

associated with the AMO compared to that which is

directly associated with the multidecadal warming/

cooling of North Atlantic SST for climatological large-

scale circulation conditions. We first analyze the influ-

ence of the AMO over Europe.

a. Summer

The warm phase of the AMO in summer (i.e., JJA)

generates a cyclonic anomaly over western Europe

(Fig. 5a), which is similar to the southern lobe of the

negative summer North Atlantic Oscillation (NAO)

pattern, as highlighted in previous studies (Ghosh et al.

2016; Sutton and Hodson 2005; Ting et al. 2014). A

similar cyclonic anomaly is also found in the 20CR and

HadSLP2 datasets (Figs. S2, S3), albeit slightly weaker

in the latter. As a result, the composite difference maps

of the decomposed anomalies are very similar in all

datasets. The difference of the full and decomposed

SAT and precipitation anomalies between the warm and

cold phases of the AMO for the European summer are

shown in Fig. 6. The full SAT anomaly linked to the

warm phase of the AMO is similar to that found in

previous studies (Knight et al. 2006; Sutton and Dong

2012; Sutton and Hodson 2005), with significant warm

anomalies from western Europe to about 458E (Fig. 6a).

However, since these are decadal anomalies, they are

still fairly small compared to interannual variability. The

largest warm anomalies occur around the Mediterra-

nean. A significant portion of the warm SAT anomalies

across Europe is related to the dynamical circulation, as

shown by the dynamical SAT anomaly plot (Fig. 6c),

but a larger portion is associated with the residual SAT

anomaly, apart from over Scandinavia (Fig. 6e). In-

terestingly, the dynamical and residual anomaly pat-

terns are similar over much of southern Europe, such

that the circulation field acts to amplify the warming

during the positive phase of the AMO. However, the

residual SAT anomaly across southern Europe could be

related to the thermodynamic impact of Mediterranean

SST anomalies, which are anomalously warm during the

warm phase of the AMO, particularly during summer

and autumn (Fig. 5).

The influence of the AMO on summertime pre-

cipitation over Europe differs from the SAT in that the

dynamical anomaly appears to have a dominant influ-

ence compared to the residual anomaly (Fig. 6). This is

consistent with the larger fraction of variance (i.e.,

Fig. 3) explained by the dynamical anomaly compared

with SAT. The cyclonic anomaly over northwestern

Europe (i.e., Fig. 5a) is similar to the southern lobe of

the negative summer NAO pattern and is thus associ-

ated with more storms and precipitation across north-

western Europe (Bladé et al. 2012; Folland et al. 2009).

The dynamical anomaly is responsible for the large-scale

features seen in the full anomaly field, with wetter con-

ditions over the northwest of Europe and drier condi-

tions over the southeast of Europe, during the warm

phase of the AMO. The residual response does sys-

tematically mediate the dynamical anomalies somewhat

over the Alps and over eastern Europe, however, where

positive residual anomalies act to reduce the dry dy-

namical anomalies in all datasets.

The dynamical anomalies appear to dominate the

response of the precipitation to the AMOmore strongly

than the SAT, particularly over northwestern Europe.

This is also consistent with the impact of the summer

NAO, which exhibits a stronger influence on European

precipitation anomalies than on SAT anomalies (Bladé
et al. 2012). To further investigate the control of the

circulation on the SAT and precipitation anomalies over

FIG. 5. Seasonal SLP anomaly difference betweenwarm and cold

periods of the AMO (as shown in Fig. 4) for (a) JJA, (b) DJF,

(c) MAM, and (d) SON. SLP data are from the ERA-20C dataset.

Stippling indicates where the SLP anomaly difference is significant

at the 95% level.
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the northwestern Europe region, we now analyze indices

of the SAT and precipitation averaged over the region

(shown in Fig. 6), which are plotted in Fig. 7. Also

plotted are the 5-yr averaged SAT and precipitation

anomalies as well as the annual and 5-yr AMO indices;

the correlation of the SAT and precipitation indices with

the respective AMO indices is shown in each panel. A

measure of the uncertainty in the decomposition is

shown in shading for the annual time series and in bold

vertical lines for the 5-yr time series. The uncertainty in

the decomposition is relatively small compared to the

signal, and it is clear that there is a systematic multi-

decadal variability in the residual SAT anomaly. Over

northwestern Europe there are significant correlations

between the annualAMO index and annual SAT (r5 0.32,

significant at the 95% level), and between the 5-yr

AMO index and 5-yr SAT (r 5 0.57, significant at the

95% level), shown in Fig. 7a. Analysis of the decom-

posed anomaly indices reveals that the SAT response is

dominated by the residual component, which is signifi-

cantly correlated with the AMO on the annual time

scale and particularly on the longer time scale (Fig. 7e)

FIG. 6. Summer (JJA) anomaly differences between warm and cold periods of the AMO index for the (a) full

SAT anomaly, (c) dynamical SAT anomaly, (e) thermodynamical SAT anomaly, (b) full precipitation anomaly,

(d) dynamical precipitation anomaly, and (f) thermodynamical precipitation anomaly. The decomposition was

calculated using the ERA-20C. Stippling indicates where the anomalies are significant at the 95% level. The black

boxes indicate the northwestern Europe region used to produce the time series in Fig. 7.
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on which the AMO accounts for over 40% of the vari-

ance (i.e., r5 0.64, r2 5 0.41). This is consistent with the

thermodynamic influence of the advection of warmer air

from over the anomalously warm North Atlantic by the

climatological summer westerlies, which flow directly

over the northwestern Europe region [for climatologies,

see, e.g., the ‘‘ERA-40 atlas’’ (Kållberg et al. 2005)].

The summer precipitation response to the AMO over

northwestern Europe, however, is dominated by the

dynamical component (Figs. 7b,d). The AMO exhibits

less control on the precipitation though, as none of the

components are significantly correlated with the 5-yr

index (although in the second half of the time series

there is a reasonable relationship). The dynamical index

is particularly well correlated with the annual AMO

index, but it is difficult to confidently assign a causal

response to the annual AMO index because on in-

terannual time scales extratropical SST anomalies

(and a significant fraction of the AMO) are primarily

forced by atmospheric circulation anomalies (Deser

et al. 2010; Gulev et al. 2013). Nonetheless, these results

do lend support to the notion that circulation anomalies

exhibit a dominant role on the influence of the AMO on

summertime precipitation, in comparison with the re-

sidual anomaly, particularly over northwestern Europe.

b. Other seasons

The decomposition of the AMO influence over

Europe was also performed for the autumn, winter, and

spring seasons. However, the results do not seem to be

particularly robust or as clear as in summer, for several

reasons, which we will outline here (Figs. S4–S6 show

FIG. 7. Annual and 5-yr averaged time series of the summer (i.e., JJA) SAT and precipitation averaged over the

northwestern European region (shown in Fig. 6) for the (a) full SAT anomaly, (b) full precipitation anomaly,

(c) dynamical SAT anomaly, (d) dynamical precipitation anomaly, (e) thermodynamical SAT anomaly, and

(f) thermodynamical precipitation anomaly. The annual indices are in lighter colors, and the 5-yr indices are overlaid

in darker colors. The 5%–95% confidence intervals of the random subsampling used to construct dynamical analogs

for each year are shown in shading for the annual indices and by vertical lines for the 5-yr indices. The 5-yr AMO

index (thick dark blue line, also shown in Fig. 4) is shown for reference. The correlation between each index and the

equivalentAMO index is also shown, where an asterisk indicates the correlation is significant at the 95% level, taking

into account the effective number of degrees of freedom [using Eq. (31) from Bretherton et al. (1999)].
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example decomposition maps, using the ERA-20C data).

In spring, the composite AMO difference consists of sig-

nificant warm anomalies over much of western Europe

and cold anomalies over eastern Europe (Fig. S4). These

anomalies are associated with significant large-scale cir-

culation anomalies, consisting of a cyclonic anomaly over

the eastern North Atlantic and an anticyclonic anomaly

over northern Europe, which is similar in all datasets

(Figs. 5b, S2b, and S3b). The decomposition—in all three

datasets—reveals that the temperature anomalies are al-

most entirely as a result of the large-scale circulation

anomalies, unlike in summer, with comparably weak re-

sidual SAT anomalies (Fig. S4).

During autumn, while the AMO is clearly associated

with warm SAT and positive precipitation anomalies over

westernEurope, the decomposition is less clear than in the

summer. The three SLP datasets exhibit little similarity in

the SLP anomalies (Figs. 5d, S2d, and S3d), resulting in

decomposed anomalies that are inconsistent with one

another. Therefore, we are not able to draw any robust

conclusions about the role of the dynamics in shaping the

response to the AMO over Europe in the autumn.

During winter the circulation anomalies associated

with the AMO are not clearly significant (Figs. 5b, S2b,

and S3b). Cold anomalies occur over central Europe

during the warm phase of the AMO but are not statis-

tically significant and seem to be wholly controlled by

the circulation anomalies (Fig. S5), as we might expect

from the explained variance (Fig. 3a). However, since

there is large uncertainty in the response of the large-

scale circulation to the AMO, we will not focus further

on the winter season. The large uncertainty highlighted

here suggests that previous results linking the warm

phase of the AMO to cold European temperature

should be treated with some skepticism.

4. Decomposition of the AMO influence on other
regions

We now apply the same method to two other regions

that have been shown to be influenced by AMO vari-

ability. The same dynamical circulation analog method

has been applied to monthly anomalies over Africa

(308S–458N, 608W–608E) and North America (158–908N,

1708–508W). The decomposed anomalies were then

combined into seasonal anomalies before calculating

composite differences between the warm and cold

phases of the AMO, as in the previous section.

a. Sahelian rainy season

Over the Sahel region, over 90% of the annual rainfall

occurs during the West African monsoon season, which

peaks during August. Here we define the Sahelian rainy

season as the 5-month season centered on August [i.e.,

June–October (JJASO)]. The AMO has been linked to

multidecadal precipitation variability over the Sahel

during the rainy season (e.g., Folland et al. 1986; Knight

et al. 2006; Mohino et al. 2011; Ting et al. 2009; Zhang

and Delworth 2006), so it is of interest to decompose the

influence of the AMO into its dynamical and residual

components. The SLP anomaly2 associated with the

AMO variability during the Sahelian rainy season is

shown in Fig. 8. Low pressure anomalies are present

across most of the tropical Atlantic (also in 20CR and

HadSLP2). In particular, the significant low pressure

anomaly in the tropical North Atlantic is similar to that

found in previous studies (e.g., Martin and Thorncroft

2014b) and is related to an increase in the low-levelWest

African westerly jet (Pu and Cook 2010) and associated

moisture flux at around 108Nduring warmAMOperiods

(Grist and Nicholson 2001), resulting in increased pre-

cipitation. Earlier studies found that high pressure over

the tropical North Atlantic results in dry conditions over

the Sahel (Hastenrath 1990). There is also a large-scale

pressure gradient extending from the subtropical South

Atlantic to the Sahel that is associated with cross-

equatorial southerly wind anomalies, which extend

onshore over the Gulf of Guinea, also resulting in

increased precipitation (Hastenrath and Polzin 2011;

Martin and Thorncroft 2014b).

The differences of the full and decomposed anomaly

fields between warm and cold phases of the AMO are

shown in Fig. 9. The largest SAT anomalies occur over

North Africa, around the Mediterranean, where warm

anomalies are associated with the warm phase of the

AMO over Europe (cf. Fig. 6). The warm residual SAT

anomaly over northwestern Africa is likely because of

advection of warmer air by the climatological north-

erlies in this region and is robust among all three

FIG. 8. Sahelian rainy season (JJASO) SLP anomaly difference

between warm and cold periods of the AMO. Stippling indicates

where the SLP anomaly difference is significant at the 95% level.

2 Tests using vector wind anomalies at 925 hPa in ERA-20C,

rather than SLP anomalies, yielded similar decomposed anomalies

associated with the AMO.
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FIG. 9. Sahelian rainy season (JJASO) anomaly differences between warm and cold periods of the

AMO index for the (a) full SAT anomaly, (c) dynamical SAT anomaly, (e) thermodynamical SAT

anomaly, (b) full precipitation anomaly, (d) dynamical precipitation anomaly, and (f) thermodynamical

precipitation anomaly. The decomposition was calculated using theERA-20C dataset. Stippling indicates

where the anomalies are significant at the 95% level.
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datasets (shown in Figs. S7 and S8). As highlighted in

previous studies, the clearest impact of the AMO is in

precipitation over the Sahel region. In the warm phase

of the AMO there is a large increase in precipitation

over the Sahel during the rainy season. The decomposed

fields reveal an interesting dependency on the circula-

tion anomalies. The dynamical precipitation anomalies

are positive across most of the Sahel region but partic-

ularly near the west coast, where westerly wind anom-

alies tend to bringmoist maritime air onto the continent,

which is also evident in the decompositions using 20CR

and HadSLP2 (Figs. S7, S8). The residual precipitation

anomalies also contribute to the positive full pre-

cipitation anomalies, reinforcing the dynamical com-

ponent across the Sahel, which may be related to

increased moisture flux from over the warmer SSTs by

the monsoon winds. The residual component is partic-

ularly large, however, over the eastern Sahel region

(Fig. 9f). In this region, there are northerly climatolog-

ical winds in the lower troposphere from the eastern

Mediterranean, where SSTs are significantly warmer

during the warm phase of theAMO (Fig. 4). This feature

is also evident in the decomposition using HadSLP2 but

to a lesser extent in 20CR (Figs. S8, S9). Modeling and

observational studies have previously shown that Med-

iterranean SSTs exhibit some control over Sahel rainfall

(Gaetani et al. 2010; Park et al. 2016); however, SSTs in

the tropical North Atlantic still have a more direct in-

fluence. The residual precipitation anomalies over the

eastern Sahel are therefore consistent with warmer and

moister air flowing south from the eastern Mediterra-

nean toward the Sahel (Park et al. 2016; Rowell 2003).

b. North American summer

Many studies have highlighted the influence of the

AMO onNorth America during summer in both models

and observations (Enfield et al. 2001; Hu and Veres

2016; Knight et al. 2006;McCabe et al. 2004; Nigam et al.

2011; Ruiz-Barradas and Nigam 2005; Schubert et al.

2009; Sutton and Hodson 2005, 2007; Ting et al. 2009;

Veres and Hu 2015). The circulation anomaly over

North America consists of low pressure over most of the

continent (Fig. 5a), and there are also low SLP anoma-

lies over much of the tropical North Atlantic, during the

warm phase of the AMO. Quite different circulation

anomalies are found in 20CR and HadSLP2, with a

significant low anomaly confined to the U.S. East Coast

in the former, whereas there are very weak SLP anom-

alies across North America in the latter (Figs. S2, S3).

The disparity in the dynamical response leads to signif-

icant uncertainty in the decomposed anomalies over

North America, which is evident in the lower pattern

correlations (Table 1).

The composite difference maps of the full and

decomposed anomalies between the warm and cold

phases of the AMO are shown in Fig. 10. During the

warm phase of theAMO there are warm SAT anomalies

over most of the continent (Fig. 10a), whereas the pre-

cipitation anomalies are mostly negative but are sig-

nificantly noisier (Fig. 10b). Previous studies have

highlighted the tropical North Atlantic as being partic-

ularly important over the United States, with cyclonic

anomalies suppressing moisture transport into North

America and resulting in warm and dry conditions

during the warm phase of the AMO (Kushnir et al. 2010;

Sutton and Hodson 2007). The results here are in gen-

eral agreement with this picture, as dynamical SAT and

precipitation anomalies are very warm and dry across

much of the southeastern United States in the de-

composition using the ERA-20C dataset (Figs. 10c,d).

The dynamical anomalies in the 20CR and HadSLP2

decompositions agree somewhat in terms of the general

characteristics of the dynamical response; however, the

more pronounced cyclonic anomaly over the East Coast

in 20CR explains almost the entire dynamical anomaly

(Fig. S11), while in the HadSLP2 decomposition there

is a significant warm residual over most of North

America (Fig. S12). The residual precipitation anoma-

lies (Fig. 10f) over the southeast of the United States,

around the Gulf of Mexico, act to offset the dynamical

anomalies in this region (Fig. 10d), consistent with the

thermodynamic influence of increasedmoisture because

of warm SST anomalies over the North Atlantic, re-

sulting in relatively noisy anomalies in the full anomaly

field (Fig. 10b). This offset between dynamical and

thermodynamical influences is particularly stark in the

decomposition using 20CR (Fig. S11). The residual SAT

anomalies are positive over the western United States

and across the central latitudes of North America

(Fig. 10e). The AMO exhibits significant covariance

with warm SST anomalies over the northeastern Pacific

during summer (Fig. 4), so some of the warm residual

SAT anomaly field along the west coast of North

America (evident in all three datasets) could be related

to anomalous warm advection from over these warm

SST anomalies.

5. Discussion and summary

The constructed circulation analog method or ‘‘dy-

namical adjustment’’ method (Lorenz 1969) has pre-

viously been used to effectively isolate forced warming

trends inmidlatitudes from the considerable interannual

variability (Deser et al. 2016; Smoliak et al. 2015;

Wallace et al. 2012). Here we have used this technique to

identify the observed impact of the AMO onto the
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atmospheric circulation and subsequently onto SAT and

precipitation over adjacent continents. The method al-

lows us to diagnose the imprint of theAMOon SAT and

precipitation because of dynamical and residual in-

fluences, where in many instances the latter can be in-

terpreted as being thermodynamical in nature.

We have focused much of our analysis on the AMO

influence on European surface climate. The impact of

the AMO on SAT varies greatly by season and is most

significant during the summer, when continental tem-

peratures over Europe during the positive phase of the

AMO are warmer in many regions than even the North

Atlantic SST [see, e.g., Fig. 4a in O’Reilly et al. (2016)].

The warm anomalies that occur during summer in the

warm phase of the AMO are amplified somewhat by the

circulation anomalies (e.g., Fig. 6). The significant warm

residual anomaly during summer is consistent with a

systematic thermodynamic influence of the warm North

Atlantic, which seems to exhibit significant control on

European temperatures on decadal time scales (e.g.,

Fig. 7). Our analysis reveals that the impact of the AMO

on precipitation over Europe is generally dominated by

FIG. 10. Summer (JJA) anomaly differences between warm and cold periods of the AMO index for the (a) full

SAT anomaly, (c) dynamical SAT anomaly, (e) thermodynamical SAT anomaly, (b) full precipitation anomaly,

(d) dynamical precipitation anomaly, and (f) thermodynamical precipitation anomaly. The decomposition was

calculated using the ERA-20C. Stippling indicates where the anomalies are significant at the 95% level.
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the dynamical anomalies. The characteristics of the in-

fluence of the AMOon the European climate during the

other seasons was also considered but not presented

here because the results are less robust, owing to the

substantial differences between the three SLP datasets

and the associated uncertainty. However, analysis of the

full field decomposition demonstrates that the large-

scale circulation anomalies exhibit a dominant control

over SAT and precipitation anomalies, particularly

during the winter season (e.g., Fig. 3). Therefore, any

significant impact of the AMO over Europe during

winter would be expected to be mediated by the re-

sponse of the large-scale circulation to the AMO, which

we found to be highly uncertain.

The influence of the circulation anomalies on the

AMO impact on European climate has implications for

coupled climate models and decadal prediction systems.

While coupled climate models do have some multi-

decadal variability over Europe that is broadly consis-

tent with the observed AMO, particularly in summer,

the atmospheric response to the AMO seems to be

poorly captured in all of the seasons (Kavvada et al.

2013; Ting et al. 2011); however, the nature of the ob-

served circulation response is less clear in the autumn,

winter, and spring seasons. In particular, the AMO

exhibits a relatively weak impact over Europe during

the summer in CMIP3/CMIP5 models compared to the

observations (O’Reilly et al. 2016), which may reflect

their inability to capture the extratropical atmospheric

circulation response over the Euro-Atlantic sector [e.g.,

Fig. 8 in Kavvada et al. (2013); Fig. 9 in Ting et al.

(2014)]. In winter, for example, the negative NAO-like

circulation response to the AMO, which is very mar-

ginally significant (cf. Figs. 5b, S2b, and S3b), appears to

be reproduced in only one of the models in the CMIP5

ensemble (Peings et al. 2016). Based on the de-

composition analysis here, it is likely that the residual,

thermodynamically forced anomalies in summer are

more robustly simulated by climate models, after the

inconsistent circulation responses are removed. Initial-

ized decadal hindcast experiments performed with

CMIP5 models have shown they are capable of captur-

ing the persistent signal of theAMObut that predictions

of multiyear SAT anomalies over Europe exhibit much

lower skill (Doblas-Reyes et al. 2013; Kim et al. 2012).

Analyzing the decomposed observed response to the

AMO, presented in this paper, one might anticipate that

decadal forecasts of SAT for the winter season would be

less skillful than for the summer season, since the dy-

namical anomaly exhibits a much larger control over the

anomalies during the winter (e.g., Fig. 3a) and a larger

uncertainty. Hanlon et al. (2013) showed that, in theMet

Office Decadal Climate Prediction System (DePreSys)

forecasts, summer SAT anomalies were predicted with

reasonable skill. It should be noted, however, that the

skillful summer decadal forecasts were primarily as a re-

sult of greenhouse gas forcing. The DePreSys forecasts

analyzed by Hanlon et al. (2013) exhibit no skill in pre-

dicting decadal winter SAT anomalies. This reflects the

dominant control of circulation anomalies on European

winter SAT and the lack of skill in predicting circulation

anomalies (e.g., the NAO) over the Euro-Atlantic sector

on decadal time scales (Meehl et al. 2014).

The decomposition of the AMO influence on Sahel

precipitation revealed an interesting split between dy-

namical and residual anomalies (Fig. 9). Both dynamical

and residual anomalies are substantial, with the former

dominating over the western Sahel region and the latter

being largest over the eastern Sahel region. Martin et al.

(2014) found that the majority of CMIP5 models fail to

capture the relationship between the AMO and Sahel

precipitation on decadal time scales, primarily because

the distribution of NorthAtlantic SST associated with the

AMO in these models is incorrectly represented in the

tropics.However, the ‘‘best’’ subset of the CMIP5models

is able, somewhat, to capture the North Atlantic circu-

lation anomaly and the increase in Sahel precipitation

during the warm phase of the AMO. The precipitation in

these models particularly increases over the western

Sahel region [see Fig. 7b ofMartin et al. (2014)], consistent

with the dynamical precipitation anomaly (Fig. 9d).

These models, however, do not seem to capture the re-

sidual precipitation anomaly over the eastern Sahel re-

gion (Fig. 9f). The influence of the AMO on the eastern

Sahel region could be related to warm SST anomalies

over the Mediterranean (Gaetani et al. 2010; Park et al.

2016; Rowell 2003) during the warm phase of the AMO,

but the best subset of CMIP5 models underestimates

these Mediterranean SST anomalies [see Fig. 6 of Martin

et al. (2014)], which could explain why the CMIP5models

fail to capture the precipitation anomalies over the east-

ern Sahel. It should be noted that the underestimation of

the Mediterranean SST anomalies associated with the

AMO is also likely to influence the ability of the CMIP5

models to capture the SATanomalies in southernEurope

in summer (i.e., Fig. 6). Decadal forecasts of Sahel pre-

cipitation exhibit reasonable skill, and the models that

perform best tend to capture the magnitude and pattern

of multidecadal SST variability over the North Atlantic

following initialization (Gaetani and Mohino 2013;

Martin and Thorncroft 2014a).

The results presented for the decomposition for the

summertime impact of the AMO over North America

were less clear than those over Europe and the Sahel,

largely because there is some disparity between the

circulation response over North America in the three

15 SEPTEMBER 2017 O ’ RE I LLY ET AL . 7227



SLP datasets. There is, however, a robust warm SAT

anomaly over much of the continent, particularly in the

central and eastern United States, which is primarily

captured in the dynamical SAT anomaly. Previous

studies have shown that SAT in this region (the so-called

warming hole) is well correlated with the AMO (Kumar

et al. 2013). The circulation anomalies are generally

associated with northerly winds in this region during the

warm phase of the AMO, which has been linked to

subsidence and dry conditions (Nigam et al. 2011). How-

ever, surface temperatures in the warming hole region

have also been linked to the interdecadal Pacific oscillation

(Meehl et al. 2012), which is not uncorrelated with the

AMO, and with the impact of anthropogenic aerosol

emissions over the United States (Leibensperger et al.

2012; Yu et al. 2014). There is some chance that the ob-

served influence of theAMOonNorthAmerica is affected

or contaminated by these other factors rather than being

purely related to multidecadal SST variability over the

North Atlantic.

While the main focus of this paper has been on

decomposing the influence of the AMO on continental

climate, the methodology used here could prove useful

for other applications. In this section, for example, we

have highlighted how the dynamical decomposition could

be used to reveal particular issues of model performance

in response to the AMO; however, the same method

could also be used to analyze other large-scale modes of

SST variability (e.g., the Pacific decadal oscillation and

the associated regional impacts; Newman et al. 2016).

The Indian Ocean SST variability and impact on sur-

rounding continents also likely reflects a combina-

tion of dynamical and thermodynamical components

(Ummenhofer et al. 2009). Furthermore, the de-

composition presented here provides a useful diagnostic

with which to analyze the variability of coupled climate

models and also the performance of initialized seasonal

and decadal forecast systems, in which large-scale

modes of SST variability are some of the most viable

sources of skill.
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