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ABSTRACT

Recent studies have suggested that coherent multidecadal variability exists between North Atlantic at-

mospheric blocking frequency and the Atlantic multidecadal variability (AMV). However, the role of AMV

in modulating blocking variability on multidecadal times scales is not fully understood. This study examines

this issue primarily using the NOAA Twentieth Century Reanalysis for 1901–2010. The second mode of the

empirical orthogonal function for winter (December–March) atmospheric blocking variability in the North

Atlantic exhibits oppositely signed anomalies of blocking frequency over Greenland and the Azores. Fur-

thermore, its principal component time series shows a dominant multidecadal variability lagging AMV by

several years. Composite analyses show that this lag is due to the slow evolution of the AMV sea surface

temperature (SST) anomalies, which is likely driven by the ocean circulation. Following the warm phase of

AMV, the warm SST anomalies emerge in the western subpolar gyre over 3–7 years. The ocean–atmosphere

interaction over these 3–7-yr periods is characterized by the damping of the warm SST anomalies by the

surface heat flux anomalies, which in turn reduce the overall meridional gradient of the air temperature and

thus weaken the meridional transient eddy heat flux in the lower troposphere. The anomalous transient eddy

forcing then shifts the eddy-driven jet equatorward, resulting in enhancedRossbywave breaking and blocking

on the northern flank of the jet overGreenland. The opposite is true with theAMVcold phases but withmuch

shorter lags, as the evolution of SST anomalies differs in the warm and cold phases.

1. Introduction

Atmospheric blocking is a weather phenomenon char-

acterized most often by an anomalous anticyclone on

weekly time scales, which blocks or diverts the jet stream

(Rex 1950a,b). Blocking often accompanies extreme

weather events, such as droughts, heat waves, and high

winds (e.g., Sillmann and Croci-Maspoli 2009; Coumou

and Rahmstorf 2012). As blocks can occur over a signifi-

cant portion of a season, blocking occurrence substantially

impacts the seasonal mean circulation variability. For

example, winter blocking frequency in the North Atlantic

region is shown to be highly correlated with the North

Atlantic Oscillation (NAO), the region’s leading mode of

atmospheric circulation variability (Scherrer et al. 2006;

Woollings et al. 2008; Davini et al. 2012). In particular,

winters with more blocking days over Greenland and

Scandinavia are likely to occur during the negative NAO

phase. On the other hand, increased incidence of blocking

days over western Europe and the subtropical North At-

lantic is associated with the positive phase of NAO.

Blocking often results from Rossby wave breaking on

the flank of the eddy-driven jet (Pelly and Hoskins 2003;

Woollings et al. 2008). Wave breaking occurs when the

amplitude of the meandering jet associated with the

Rossby wave becomes sufficiently large and nonlinear

(McIntyre and Palmer 1983). Depending on the latitude

of the jet, the preferred location of the wave breaking

changes. When the jet moves equatorward (poleward),

the cyclonic Rossby wave breaking increases (decreases)

on the northern flank of the jet over Greenland (Barnes

and Hartmann 2010; Michel and Rivière 2011). Rossby

wave breaking and jet variability are intrinsically associ-

ated with the leading modes of variability for the mean

circulation pattern, including the NAO (Benedict et al.

2004; Strong and Magnusdottir 2008; Woollings et al.

2008, 2010; Davini and Cagnazzo 2014).

Recent studies suggested that the variability in the jet

latitude and Rossby wave breaking are driven by the

transient eddy forcing (Woollings et al. 2011; Novak et al.

2015; O’Reilly et al. 2016b, 2017a). Novak et al. (2015)
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showed that the changes in the low-level transient eddy

heat flux are associated not only with changes of the

baroclinicity in the upstream western North Atlantic, but

also with a shift in the jet latitude downstream in the

eastern North Atlantic. The upstream eddy heat flux in-

duces changes in eddy anisotropy, which affects the

dominant type ofwave breaking and the latitude of the jet

downstream. For example, enhanced upstream eddy heat

flux is conducive to anticyclonic wave breaking and a

northward shift of the jet. O’Reilly et al. (2017a) also

found a similar relationship between the upstream eddy

heat flux and the downstream jet latitude in a reanalysis

as well as an AGCM simulation. Furthermore, O’Reilly

et al. (2017a) showed that the large SST gradient along

the Gulf Stream is important for inducing the high eddy

heat flux in the Gulf Stream region.

In addition to the intraseasonal to interannual vari-

ability, the North Atlantic climate exhibits multidecadal

variability, namely the Atlantic multidecadal variability

(AMV) or also called Atlantic multidecadal oscillation

(AMO; Kerr 2000). The AMV is defined as the SST

anomaly averaged over the entire North Atlantic

(Enfield et al. 2001) and has been shown to impact

weather and climate around the North Atlantic, such as

hurricane activity (Goldenberg et al. 2001; Smith et al.

2010) and precipitation in North America, Europe, and

northern Africa (Folland et al. 1986; Sutton andHodson

2005; Zhang and Delworth 2006; Sutton and Dong 2012;

Kushnir et al. 2010; Ting et al. 2011; García-García and

Ummenhofer 2015; Ruprich-Robert et al. 2017). The

impact of AMV is seasonally dependent. For example,

O’Reilly et al. (2017b) found that in summer, warmer

surface air temperature anomalies over western Europe

during the warm AMV phase are mainly due to the

thermodynamic influence of warmer North Atlantic

Ocean. On the other hand in winter, they found colder

surface air temperature over parts of western Europe is

due to the atmospheric circulation response to the warm

AMV (O’Reilly et al. 2017b).

Recent studies suggest that the AMV also influences

the NAO in wintertime (Peings and Magnusdottir 2014,

2016; Omrani et al. 2014; Gastineau and Frankignoul

2015). These studies show that the warm phase of AMV

is followed by negative NAO after approximately 3

years. Considering the close relationship among block-

ing, Rossby wave breaking, and the NAO, it is possible

that AMV could also influence the statistics of atmo-

spheric blocking. However, involved mechanisms tend

to differ among the modeling studies. For example,

Omrani et al. (2014, 2016) found that the stratosphere

plays a crucial role in the NAO response to AMV. On

the other hand, Peings and Magnusdottir (2016) did not

find any sensitivity of the NAO response to AMV to the

representation of the stratosphere in the atmospheric

general circulation models (AGCMs).

Häkkinen et al. (2011a) reported a multidecadal

modulation in the wintertime blocking frequency over

the subpolar North Atlantic coherently varying with the

AMV. They suggested that the wind stress curl vari-

ability over theNorthAtlantic associated with its second

empirical orthogonal function (EOF) mode drives the

AMV (also Häkkinen et al. 2011b). The second EOF

mode of the wind stress curl is linked to the eastern

Atlantic teleconnection pattern (Barnston and Livezey

1987) and also blocking variability over the subpolar

North Atlantic. However, a question is left unanswered:

why atmospheric blocking variability exhibits such a

noticeable multidecadal component and whether it re-

flects any influence from the AMV and/or the two-way

coupled mode of variability between the atmospheric

blocking and AMV (cf. Woollings 2011).

Davini et al. (2015) performed AGCM experiments

forced with AMV SST anomalies added to the climato-

logical mean SST. They found the blocking frequency to

be increased over Greenland and reduced over the sub-

tropical North Atlantic in response to the warm AMV

phase. Based on additional sensitivity experiments, they

further demonstrated that the North Atlantic blocking

response ismostly due to the tropical part (08–308N) of the

AMV SST anomalies, while the extratropical (308–708N)

AMV anomalies exert a negligible impact. In contrast,

using different models and slightly different SST anoma-

lies, Peings and Magnusdottir (2014, 2016) and Gastineau

et al. (2016) suggested, based on their AGCM experi-

ments, that the extratropical part of the AMV SST

anomalies is the dominant driver of the atmospheric cir-

culation responses. This result is consistent withGastineau

and Frankignoul’s (2015) study based on statistical ana-

lyses of a reanalysis dataset, which also demonstrated

a critical role of the extratropical part of the AMV

SST anomalies in driving the atmospheric circulation re-

sponses by perturbing the storm track.

In this study, we examine the impact of AMV SST

anomalies on the multidecadal wintertime blocking var-

iability for 1901–2010 based on multiple observational

and reanalysis datasets. The datasets and the analysis

methods are briefly described in section 2. The main re-

sults are presented in section 3, which is followed by the

summary and discussion in section 4.

2. Data and methods

a. Atmospheric reanalysis and SST datasets

For the SST, the monthly data from the Hadley Center

Sea Ice and Sea Surface Temperature (HadISST) version
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1.1 at 18 resolution (Rayner et al. 2003) for 1901–2010 are

used. HadISST provides monthly mean gridded global

SST and sea ice fields from 1871 to present. It uses re-

duced space optimal interpolation applied to SSTs from

theMetOfficeMarineDataBank (Parker et al. 1995) and

the International Comprehensive Ocean–Atmosphere

Dataset (ICOADS; Woodruff et al. 2011) through 1981

and a blend of in situ and adjusted satellite-derived SSTs

for 1982 onward. The NOAA Extended Reconstructed

Sea Surface Temperature (ERSST) version 5 for 1901–

2010 at 28 resolution (Huang et al. 2017) is also used

to assess the robustness of our results based on the

HadISST. A comparison between the two datasets is

presented in appendix C.

For the atmospheric variables and surface heat fluxes,

the daily and monthly mean variables at 28 horizontal

resolution from theNOAATwentiethCenturyReanalysis

version 2 (hereafter simply 20CR;Compo et al. 2006, 2011)

are used for 1901–2010. The 20CR provides a 56-member

ensemble as well as the ensemble mean fields since 1850

by assimilating only the surface pressure and using

HadISST1.1 SST and sea ice concentration as boundary

conditions. We have analyzed all 56 members for the

blocking statistics (appendix A). The North Atlantic

blocking statistics in 20CR exhibit a very small ensemble

spread for the study period (see Fig. A1 in appendix A),

which suggests that the assimilated surface pressure data

and the prescribed SST and sea ice concentration bound-

ary conditions predominantly constrain the reanalysis

fields at least for the variables of interest here. Therefore,

we use the ensemble mean fields for the rest of the paper.

We also use the ECMWF atmospheric reanalysis of

the twentieth century (ERA-20C; Poli et al. 2015) to

further assess the robustness of the findings based on

20CR. The ERA-20C for 1901–2010 is downloaded at 28
horizontal resolution. A comparison with 20CR for the

key results is presented in appendix B. Overall, the two

independent century-long reanalyses provide very con-

sistent results in the blocking statistics as well as their

relationship with the AMV.

The multidecadal nature of AMV requires an analysis

period of a century or longer.While someof the aboveSST

and atmospheric datasets provide data prior to 1900, we

use 1901–2010 as our analysis period, the common period

for all four datasets. This analysis period allows direct

comparison with the previous studies on the AMV and its

relationship to the atmospheric circulation using similar

periods (e.g., Häkkinen et al. 2011a; O’Reilly et al. 2017b).

b. Definitions for the AMV, blocking, storm track, jet
latitude, and NAO

The AMV index is defined as the annual mean SST

anomalies averaged over the North Atlantic (08–608N,

808W–108E) after removing the externally forced com-

ponent at each grid point. Following Ting et al. (2009),

the externally forced component is calculated by re-

gressing the SST anomalies at each grid point on the

global (608S–608N) mean surface temperature from

HadCRUT3 (Jones et al. 1999). Note that this AMV

definition is also used by Häkkinen et al. (2011a). We

use the AMV index both before and after applying a

10-yr low-pass filter as noted below.

Blocking days are defined using the meridional gradient

of the daily 500-hPa geopotential height (Z500) (Scherrer

et al. 2006), which is a two-dimensional version of the

commonly used one-dimensional definition by Tibaldi and

Molteni (1990). Note that this is the same blocking day

definition used by Häkkinen et al. (2011a). On each day,

at a given location, the Z500 meridional gradients are cal-

culated against the locations 168 to the north and south,

respectively:
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where x0 and y0 are the target longitude and latitude,

respectively, while yS 5 y0 2 16 and yN 5 y0 1 16.

FIG. 1. (a) Climatological mean and (b) interannual standard

deviation of the winter (December–March) number of blocking

days for 1901–2010 based on the ensemble mean daily Z500 of the

NOAA Twentieth Century Reanalysis (20CR).
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When a block is present, the gradient to the south is

expected to be reversed (DZ500S . 0) (Lejanäs and

Økland 1983). An additional criterion for the gradient to

the north (DZ500N , 210m per degree of latitude) is

imposed to ensure a westerly wind to the north of the

block as the jet is being split around the blocking

(Tibaldi and Molteni 1990; Barnes et al. 2012). When

these two criteria are satisfied at any given point in space

and time, an instantaneous block is identified. If in-

stantaneous blocks are found for five consecutive days

or longer at a location, those days are identified as the

blocking days. We have not considered any additional

criterion to further account for spatial and temporal

coherences (e.g., Barnes et al. 2012).

The storm track is defined as the atmospheric

transient eddy heat flux y0T 0 on the synoptic time scale

(2–8 days) at 850hPa. The dailymeridional wind y and air

temperature T at 850hPa are high-pass filtered at 8 days

using the Lanczos filter with 15 weights (Duchon 1979),

and their covariance is calculated for each winter,

December–March (Kwon and Joyce 2013). In addition to

the winter mean covariance, the daily low-frequency

transient eddy heat flux is calculated based on the 9-day

moving average of daily y0T 0, similar to Novak et al.

(2015) and O’Reilly et al. (2017a).

The daily jet latitude is defined using the daily 850-hPa

zonal wind (Woollings et al. 2010; Davini and Cagnazzo

2014; Kwon et al. 2018). The daily 850-hPa zonal wind is

first zonally averaged from 758Wto 158E and temporally

smoothed using a 5-day running mean (Davini and

Cagnazzo 2014). Subsequently, the latitude with the

maximum wind speed is identified as the jet latitude for

each day. Note that we also used a different zonal av-

erage (e.g., from 608W to 08E) and found that the result

is not sensitive to this choice.

The NAO index is defined based on the difference

between the normalized sea level pressure at Lisbon,

Portugal, and Stykkisholmur/Reykjavik, Iceland (Hurrell

1995). The station-based index is downloaded from the

ClimateDataGuide (https://climatedataguide.ucar.edu/).

c. Statistical analyses

The winter (December–March) mean is used for all

the variables except for the AMV index, which uses the

annual mean. The winter means are assigned to the

years of January; for example, the average from De-

cember 1990 to March 1991 is assigned to the 1991

winter mean. So, there is an implied lag of a few months

when a winter variable and the annual AMV in the same

year are compared. All the analyses are for 1901–2010,

FIG. 2. (a),(b) Leading EOF patterns of the winter (December–March) number of blocking days for 1901–2010

based on the ensemble mean field of 20CR. These two EOFs explain 19.1% and 10.7% of the total variance,

respectively. Note that the amplitudes of the patterns correspond to one standard deviation of the corresponding

PC time series. Red (blue) contours indicate positive (negative) anomalies. Contour intervals are 1 day. (c),(d) The

corresponding PC time series (black curves) and the NAO index time series (orange and green bars). The corre-

lation between each PC time series and NAO index is shown in parentheses.
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as already stated. The climatological mean and linear

trend are removed from all the variables before any

statistical analysis. We simply remove the linear trend

instead of externally forced component as for the AMV

index, because the externally forced component in the

atmospheric circulation is hardly detectable (e.g., Deser

et al. 2012), and there is no generally accepted method

for atmospheric circulation variables. Also the linear

trend is very small in the atmospheric circulation.

The EOFs are calculated based on the covariance

matrix after the weights proportional to the square

root of the area are applied. The principal component

(PC) time series are normalized, and the EOF spatial

patterns are calculated as a regression on the corre-

sponding PC time series. Hence the EOF spatial pat-

terns show the typical amplitude corresponding to the

one standard deviation fluctuation of the PC time

series.

FIG. 3. Power spectra of the normalized (a) blocking days PC1, (b) blocking days PC2, (c) NAO index, and

(d) AMV index, showing in (a)–(c) the white noise spectra as the null hypothesis (red lines) and associated 5%

significance levels (blue lines) and in (d) the best-fit first-order autoregressive model spectra and associated 5%

significance levels are plotted with red and blue lines, respectively, based on the 1-yr lag autocorrelation of the

respective time series.
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For the composite analysis based on the top and

bottom 20 percentile years, respectively, of the 10-yr

low-pass filtered AMV time series, a binomial smooth-

ing (1/4–1/2–1/4) is applied to the composited variables

before compositing to slightly boost the signal-to-noise

ratio (Taguchi et al. 2012; Gastineau and Frankignoul

2015), but no further low-pass filtering is applied to the

composited variables. (Note that the binomial smooth-

ing is only used for the composite analysis.) The results

are not sensitive to the exact choice of the percentile

threshold. To avoid misinterpreting a teleconnection

from the tropical Indo-Pacific affecting both the AMV

index and composited variables as a local interaction

between AMV and composited variables, we minimize

the remote tropical Indo-Pacific influence from the

AMV index and all the composited variables prior to the

composite analysis (Frankignoul and Kestenare 2002;

Frankignoul et al. 2011). To this end, the linear re-

gression of AMV and composited variables on the three

leading PCs of the tropical Indo-Pacific (158S–158N,

308E–708W) SST are calculated from monthly data and

subtracted from the full AMV index and composited

variables. The regressions are calculated with a lag of

one month for the tropical Indo-Pacific PCs leading the

Atlantic variables. However, when the atmospheric

variables (e.g., blocking days) are leading or simulta-

neous with the AMV index, the tropical Indo-Pacific

influence is not removed as these lags primarily repre-

sent the atmospheric forcing of the ocean. While re-

moving the remote tropical Indo-Pacific influence is a

standard practice in statistical studies to detect atmo-

spheric responses to extratropical SST anomalies, our

result is not very sensitive to this procedure.

The statistical significance is calculated based on

nonparametric methods. For the lag correlations, the

statistical significance is assessed using 10 000 random

permutations in the frequency domain to account for

serial correlation (Ebisuzaki 1997). For the composite

FIG. 4. (a) The second PC time series of the winter number of

blocking days (black solid curve). The 10-yr low-pass filtered PC

time series is also plotted as the black dashed curve. The annual

mean AMV index is shown as the pink and purple bars. (b) The

10-yr low-pass filtered AMV index. The red and blue dots indicate

the top and bottom 20th percentile years, respectively, which are

used for the composite analyses.

FIG. 5. Lag correlations between (a) the AMV index and PC2 of

the winter number of blocking days and (b) the AMV and NAO

indices. The blue (red) curves are for the correlations using the

yearly values before (after) applying a 10-yr low-pass filter to both

time series. The dashed curves indicate the corresponding statis-

tical significance at the 5% level. The lag is positive (negative)

when the AMV index leads (lags).
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analysis, the bootstrap method with 10 000 random

permutations in 2-yr blocks (von Storch and Zwiers

2001) is used. Furthermore, field significance is assessed

for the blocking days composites based on the false

discovery rate (Wilks 2016).

3. Results

a. Winter atmospheric blocking variability

The winter climatology of the number of blocking

days exhibits the maximum over the British Isles for

10–12 days out of the four winter months (Fig. 1a). In

addition, enhanced blocking is found from the Azores to

Scandinavia as well as over Greenland, as many previous

studies have shown (e.g., Scherrer et al. 2006; Häkkinen
et al. 2011a; Luo et al. 2015). The interannual standard

deviation shows a very similar pattern and amplitude to

those of the climatological mean (Fig. 1). Hence the in-

terannual variability primarily reflects a substantial fluc-

tuation in the amplitude of the mean pattern rather than

lateral displacement of the dominant pattern.

The leading EOF pattern exhibits the largest anomaly

over theBritish Isles andweaker anomalies of the opposite

sign over Greenland (Fig. 2a). Note that the amplitudes

of anomalies are comparable to those of the interannual

standard deviations, especially over the British Isles. The

corresponding PC time series is dominated by interannual

to decadal variability (Fig. 2c), which is well correlated

with the NAO index (orange/green bars; r5 0.57, which is

statistically significant at 5%). The power spectrum lacks

power in the multidecadal and longer time scale (Fig. 3a).

The second EOF pattern shows a dipole anomaly pat-

tern, with one sign extending from Greenland to Scandi-

navia and the opposite sign over the subtropics around the

Azores (Fig. 2b). The amplitudes of the anomalies are

FIG. 6. Lag composite of (a) thePC2 for thenumberof blockingdays,

and (b) the NAO index based on the upper (red) and lower (blue) 20th

percentile years of the 10-yr low-pass filtered AMV index, which are

markedwith the red and blue dots in Fig. 4b. Note that no smoothing or

filtering has been applied to the PC2 and NAO time series. Filled dots

indicate anomalies statistically significant at the 5% level.

FIG. 7. Distribution of the AMV values sampled for each lag-

composite for (a) the upper and (b) lower 20th percentile years of

the 10-yr low-pass filtered AMV index, which are marked with the

red and blue dots in Fig. 4b. The red dots in (a) and blue dots in

(b) show all the AMV values at each lag. The central mark in each

box plot indicates the median value, and the bottom and top edges

of the box indicate the 25th and 75th percentiles, respectively. The

whiskers extend to the most extreme data points.
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FIG. 8. (a)–(i) Lag composite of the winter (December–March) SST anomalies for the upper 20th percentile years of the 10-yr low-pass

filtered AMV index, which are marked with the red dots in Fig. 4b. Note that a binomial smoothing is applied to SST prior to compositing

as explained in section 2c. The contour interval is 0.18C. Dotted regions indicate the anomalies statistically not significant at the 5% level.

Influence from the tropical Indo-Pacific SST is minimized from both the SST and AMV index before compositing as explained in

section 2c.
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30%–50% of the interannual standard deviations. While

the second PC time series (PC2) is also significantly cor-

related with the NAO at 5% (r 5 0.42), it also exhibits

enhanced multidecadal variability (Figs. 2d and 3b) that

is correlated with the AMV (discussed in the next sec-

tion). The power spectrum for PC2 also has a significant

peak around 5 years. It is unclear what process accounts

for this spectral peak, but our primary focus is on the

FIG. 9. As in Fig. 8, but for the lower 20th percentile years of the 10-yr low-pass filtered AMV index, which are marked with the blue

dots in Fig. 4b.
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decadal and longer time scale. This second EOF mode

becomes the leading mode if a 20-yr low-pass filter is ap-

plied first before the EOFs are calculated (not shown).

b. AMV influence on blocking

1) LAG CORRELATIONS

The AMV index and PC2 of the winter blocking days

clearly covary on decadal to multidecadal time scales

(Fig. 4a). The simultaneous correlation between the two

is 20.68, when a 10-yr low-pass filter is applied to both

time series (Fig. 5a). More importantly, their lag corre-

lation is highly asymmetric between the positive and

negative lags; the maximum correlation is found when

AMV leads the blocking PC2 by 2–4 years, whereas

there is no significant correlation when the blocking

PC2 leads the AMV (Fig. 5a). This lead/lag relationship

holds regardless whether the 10-yr low-pass filter is ap-

plied to both time series or not, although the asymmetry

does become somewhat more pronounced and the peak

becomes broader due to the filtering when the low-pass

filter is applied (Fig. 5a). Note that a similar asymmetry

in the correlation between the AMV and NAO time

series has been reported by Peings and Magnusdottir

(2014) and Gastineau and Frankignoul (2015), which is

shown in Fig. 5b. Furthermore, the power spectra of the

blocking PC2, AMV, and NAO commonly exhibit en-

hanced power in themultidecadal and longer time scales

(i.e.,.;50 years; Figs. 3b–d), although themultidecadal

peak in the PC2 is statistically not different from the

white noise null hypothesis at the 5% level. On the other

hand, PC1 has greater power than PC2 at decadal time

scales (10–20 years; Figs. 3a,b).

2) SST EVOLUTION

To investigate the mechanism for the link between the

AMV and blocking variability associated with the second

EOF, we will use lag-composite analyses of several vari-

ables based on the top and bottom 20 percentile years,

respectively, from the 10-yr low-pass filtered AMV index

(Fig. 4b). When a lag composite is used, the relationship

found above from the lag correlations turns out to be very

different between the warm and cold AMV years, in

particular for the NAO, but also for PC2 (Fig. 6). The lag

FIG. 10. (a)–(i) Lag composite of the winter (December–March) number of blocking days with respect to the upper 20th percentile years

of the 10-yr low-pass filtered AMV index. Note that a binomial smoothing is applied to the number of blocking days prior to compositing

as explained in section 2c. The contour interval is 1 day. Red (blue) contours are for positive (negative) anomalies. Zero contours are

omitted. Gray shadings indicate anomalies that are statistically significant at the 5% level. Green contours indicate the field significance at

the 10% level based on the false discovery rate. Influence from the tropical Indo-Pacific SST is minimized from both the SST and AMV

index before compositing, except for in (a) and (b) as explained in section 2c.
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composites for the cold AMV years show the peaks

around a lag5 2 years for bothPC2 andNAOcomposites

(blue curves in Fig. 6), while the warm AMV year com-

posite shows the peaks at much longer lag around 5–7

years (red curves in Fig. 6). Furthermore (as shown in

Figs. 8–11) the evolutions of blocking and SST following

the warm AMV years are very different from those fol-

lowing the cold AMV years. Given the large difference

between the warm and cold phases of AMV, composite

analysis is more appropriate to use than regressions.

However, we note that not all the composite spatial

patterns for individual lags are independent as they are

based on the 10-yr low-pass filtered AMV index. There-

fore, only the overall evolution of the spatial patterns is

emphasized here. Figure 7 shows what AMV states are

sampled for each lag composite. While the ranges of

sampled AMV states (i.e., the distance between the 25th

and 75th percentiles) are slowly growing with larger lags

as expected, the median values of the sampled AMV

states are decreased by only 20% between lag 0 and 17

for the warm AMV years (Fig. 7a). For the cold AMV

years, only 12% change in median values is found be-

tween lag 0 and 13, when the significant blocking re-

sponses are found below (Fig. 11). Therefore, the lag

composites imply that the time evolution of AMV states

is overall similar to those sampled at lag 0.

The evolution of the warm SST anomalies associated

with the upper 20th percentile years of the 10-yr low-pass

filteredAMV index exhibits the warmest anomalies along

the North Atlantic Current near the Tail of the Grand

Banks initially when the warmAMV leads by 0 and 1 year

(Figs. 8b,c). Those anomalies gradually intensify out to

lag 5 5 years (Figs. 8d–g). Subsequently, the warmest

anomalies are found in the subpolar gyre at lag 5 6–7

years (Figs. 8h,i). At the same time, a small patch of cold

SST anomalies develops in the northern recirculation gyre

to the north of the Gulf Stream. Overall, the warmest

anomalies are found near the boundary between the

subtropical and subpolar gyres, the so-called intergyre

gyre region (Marshall et al. 2001), until lag 5 4–5 years,

and then in the subpolar gyre in the subsequent years.

On the other hand, the composite for the cold AMV

years reveals a very different evolution of the cold SST

anomalies (Fig. 9). The initial SST anomaly patterns for

the years when the cold AMV lags by 1 year to leading by

1 year exhibit a tripole pattern with the strongest anom-

alies in the subpolar gyre, similar to the previously re-

ported AMV patterns (Ting et al. 2009; Guan and Nigam

2009). The coldest anomalies are localized along theNorth

Atlantic Current near the Flemish Cap (;478N, 458W)

and the warmest anomalies near the Gulf Stream when

the coldAMV leads by 2 years (Figs. 9c–e). Subsequently,

FIG. 11. As in Fig. 10, but for the lower 20th percentile years of the 10-yr low-pass filtered AMV index.
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the cold AMV SST anomalies diminish much more rap-

idly compared to the warm AMV SST anomalies.

3) BLOCKING EVOLUTION ASSOCIATED WITH

AMV

Similar to the SST anomalies, the blocking day anomaly

composites also exhibit very different evolutions between

the warm and coldAMVyears. For the warmAMV index

composite, positive blocking day anomalies are centered

over the British Isles with the maximum amplitude of

4 days at one year prior to the AMV composite years

(Fig. 10a). A similar pattern, but with slightly weaker

amplitude, is found at zero lag, which further weakens

when the warm AMV leads by 1 year (Figs. 10b,c). This

blocking anomaly pattern is associated with the eastern

Atlantic pattern, which has been suggested to drive the

AMV SST pattern (Häkkinen et al. 2011a, 2011b). Note

that the field significance test (green contours) based on

the false discovery rate (Wilks 2016) indicates that the

anomalies at these short lags are marginally significant.

Another anomaly pattern, which projects well on the

EOF2 pattern and is more significant based on the field

significance, slowly emerges in the blocking composites

startingwhen thewarmAMVleads by 3 years (Figs. 10e–i).

This anomaly pattern exhibits more frequent blocking over

Greenland and reduced blocking days over the Azores

following the warm AMV years. Note that the amplitudes

of the anomalies over Greenland are comparable to the

FIG. 12. Lag composite of the winter (December–March) (a),(e),(i) SST, (b),(f),(j) meridional temperature gradient at 850 hPa,

(c),(g),(k) maximum Eady growth rate at 850 hPa, and (d),(h),(i) y0T 0 at 850 hPa. Note that a binomial smoothing is applied to these SST

and atmospheric variables prior to compositing as explained in section 2c. The composite is calculated based on the 10-yr low-pass filtered

AMV indexwhen (left) the top 20th percentile years leads by 4 years, (center) the top 20th percentile years leads by 7 years, and (right) the

bottom 20th percentile years leads by 2 years. Dotted regions indicate the anomalies statistically not significant at the 5% level. Black

contours are for the climatological mean. Contour intervals for anomalies (mean) are 0.18C, 0.02 (0.3) K m21, 0.02 (0.2) day21, and

0.5 (6) K m s21, respectively. Influence from the tropical Indo-Pacific SST is minimized as explained in section 2c.
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interannual standard deviation (Fig. 1b). On the other

hand, a similar pattern with the opposite sign also appears

in the coldAMVyear composite, but for much shorter lags

with the maximum amplitudes when the cold AMV leads

by 2 years (Fig. 11),which is consistentwith the evolutionof

the cold SST anomalies (Fig. 9). We will further explore in

the following section how the AMV SST anomalies drive

this blocking day anomaly pattern with a dipole between

the regions over Greenland and the Azores.

c. Mechanistic link from the AMV to blocking
variability

1) STORM TRACK, JET, AND CIRCULATION

ANOMALIES FOLLOWING THE WARM AMV

To establish a mechanistic link from the SST to the

blocking day anomalies, we examine the composite

anomalies of various atmospheric variables associated

with the storm track and eddy-driven jet. For display

purposes, only a few lags are selected and shown in Figs. 12

and 13. The anomalies following the warmAMV years by

4 years (the first column in Figs. 12 and 13) reveal an

emerging anomalous atmospheric circulation associated

with the early developing stage of the dipole blocking

anomaly pattern (Fig. 10f).

The climatological mean of the meridional temperature

gradient at 850hPa exhibits the minimum (as in general

dT/dy , 0) around 408N near the Gulf Stream (the black

contours in Fig. 12b). The anomalies have the meridional

dipole pattern that straddles the minimum in the climato-

logicalmean (Fig. 12b). ThemaximumEady growth rate at

850hPa exhibits similar patterns, but with opposite signs

(Fig. 12c). In particular, the northern anomalies around

408–508N are dominant in the earlier lags. This suggests an

overall weakening and slight southward migration of the

maximum baroclinicity region following the warm AMV

primarily due to the changes in themeridional temperature

gradient over the warmest SST anomalies near the Grand

Banks (Fig. 12a). Consistently, the meridional synoptic

transient eddy heat flux at 850hPa becomes overall weaker

and slightly shifts equatorward (Fig. 12d).

Novak et al. (2015) showed that changes in the merid-

ional synoptic transient eddy heat flux near the Gulf

Stream in the lower troposphere have a downstream

barotropic effect that results in shifts in the eddy-driven jet

latitude. In particular, they found the weaker meridional

FIG. 13. As in Fig. 12, but for (a),(d),(g) the zonal wind speed at 200 hPa, (b),(e),(h) geopotential height at 500 hPa, and (c),(f),(i) daily

jet latitude histogram. Contour intervals for anomalies (mean) are 0.5 (10) m s21 and 5m, respectively. For the histograms in (c), (f), and

(i), the gray bars are for all the years, while red and blue are for only the composited AMV years. Inverse triangles indicate statistically

significant anomalies at the 5% level.
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synoptic transient eddy heat flux results in dominant cy-

clonic wave breaking on the northern flank of the jet and

an equatorward shift of the jet. O’Reilly et al. (2016b,

2017a) also found this relationship in their AGCM ex-

periment. In addition to the seasonal mean storm track

anomalies (Figs. 12d,h), we also examine the daily low-

frequency transient eddy heat flux (defined by 9-day

moving average) over the maximum storm track region

(308–508N, 408–708W) following Novak et al. (2015) and

O’Reilly et al. (2017a). The distribution of daily eddy heat

flux following the warm AMV exhibits an overall shift

toward the weaker heat flux compared to the climato-

logical mean distribution (Fig. 14a). In particular, the

number of strong heat flux events in the upper 25% of the

climatological distribution (.10Kms21) is significantly

decreased, while the number of weak events in the bottom

25% (,5Kms21) is increased (Fig. 14b).

Consistent with themechanism byNovak et al. (2015),

we find in our analysis that the eddy-driven jet also mi-

grates equatorward (Fig. 13). The shift of jet is apparent

in both the anomalies of the seasonal mean jet shown by

the 200-hPa zonal wind (Fig. 13a) and the distribution of

the daily eddy-driven jet latitude (Fig. 13c). The more

southerly jet would accompany enhanced Rossby wave

breaking to the north of the jet and result in more fre-

quent blocking over Greenland and less over the

Azores. This is consistent with the dipole blocking

anomaly pattern shown in Fig. 10f. The Z500 anomalies

show high pressure anomalies over the subpolar North

Atlantic and low pressure anomalies over the subtropics.

These anomalies gradually amplify and reach a mature

phase as shown for the composites when the warm AMV

leads by 7 years (second columns in Figs. 12 and 13), which

is consistent with the evolution of the blocking anoma-

lies (Fig. 10). In particular, the Z500 anomalies exhibit the

negative phase of the NAO. Positive feedback between

the enhanced Rossby wave breaking and resulting block-

ing to the north of the jet and southerly displacement of

the jet would support the amplification of these anomalies

by reinforcing each other (cf. Michel and Rivière 2011).

2) TURBULENT HEAT FLUX ANOMALIES

To make a more explicit link between the SST anom-

alies and the atmospheric responses, the turbulent surface

heat flux anomalies are examined. The turbulent heat flux

anomalies are affected by influence from both the ocean

and atmospheric variability. The latter includes the at-

mospheric circulation anomalies in response to the AMV

FIG. 14. (a) Histogram of daily low-frequencymeridional transient eddy heat flux (y0T 0) at 850 hPa averaged over
308–508N, 408–708W in winter (December–March) for the years following the top 20th percentile years of the 10-yr

low-pass filtered AMV index by 7 years (red bars). The gray bars are climatological distribution for winter from all

the years. (b) The difference between the two distributions shown in (a). The filled bars indicate the differences

statistically significant at the 5% level. (c),(d) As in (a) and (b), but for the years following the bottom 20th per-

centile years of the 10-yr low-pass filtered AMV index by 2 years.
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described in the previous section, which are confounded

with the former (i.e., direct influence from AMV).

Therefore, total turbulent heat flux anomalies (Fig. 15a)

are decomposed into the part that is driven by the anom-

alous atmospheric circulation associated with the AMV

(Fig. 15b) and the part that is directly driven by the AMV

(Fig. 15c), which is inferred as the residual. This de-

composition is necessary because the part that is driven by

the atmospheric circulation response is quickly established

and often dominates the total anomalies (e.g., Gastineau

and Frankignoul 2012).

The component of the turbulent surface heat flux

anomalies that is directly responding to the warm SST

anomalies when the warm AMV leads by 4 years ex-

hibits significant positive (i.e., upward) anomalies over

the western subpolar gyre with amaximum from the Tail

of the Grand Banks to the Flemish Cap (Fig. 15c). These

AMV-driven positive heat flux anomalies are collocated

with the maximumwarm SST anomalies when the warm

AMV leads by 4 years (Fig. 12a). Therefore, the heat

flux anomalies are damping the SST anomalies instead

of driving them (Gulev et al. 2013; O’Reilly et al. 2016a;

Zhang et al. 2016). Recall that the region of the maxi-

mum upward heat flux and SST anomalies also coincides

with the region where the largest meridional tempera-

ture gradient anomaly at 850 hPa is found at the corre-

sponding lag (Fig. 12b).

On the other hand, we find very weak heat flux

anomalies in the tropics that are directly responding to

the warm AMV SST anomalies (Fig. 15c), which sug-

gests a primary role for the extratropical part of the

AMV SST anomalies in driving atmospheric circulation

response to AMV (Peings and Magnusdottir 2014, 2016;

Gastineau et al. 2016).

3) COMPARISON BETWEEN THE WARM AND COLD

PHASE OF THE AMV

The atmospheric anomalies when the warm AMV

leads by 7 years are very similar to the corresponding

anomalies when the cold AMV leads by 2 years, except

that the sign of the anomaly is reversed (last columns in

Figs. 12 and 13). This is consistent with the corre-

sponding blocking anomalies for the warm and cold

AMV (Figs. 10i and 11d). Therefore, different evolu-

tions of the warm and cold SST anomalies (Figs. 8 and 9)

FIG. 15. Decomposition of the winter (December–March) turbu-

lent surface heat flux anomalies associated with the top 20th per-

centile years of the 10-yr low-pass filtered AMV index when AMV

index leads by 4 years. (a) Total anomalies, which is the lag com-

posite as in Figs. 8–13. Note that a binomial smoothing is applied to

the heat flux prior to compositing as explained in section 2c.

(b) Anomalies driven by the anomalous atmospheric circulation

response to the AMV. This component is calculated as the re-

gression on the time series associated with the 500-hPa geo-

potential height (Z500) composite anomalies at the same lag. The

Z500 time series is calculated by projecting the full Z500

field to the anomalous Z500 composite pattern (Fig. 13b). The

domain used for the Z500 projection is 208–758N, 908W–308E.

(c)Anomalies directly drivenby the ocean variability associatedwith

AMV. This component is calculated as the difference between the
above two components, i.e., (a) minus (b). The positive heat flux is

 
for transferring heat from the ocean to the atmosphere. Red (blue)

contours are for positive (negative) anomalies. Zero contours are

omitted. Gray shading indicates anomalies statistically significant at

the 5% level. Thick black contours are for the climatological mean.

Contour intervals for anomalies and mean are 5 and 100Wm22,

respectively.
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are likely responsible for the distinct timing of the re-

sponses in the two cases. Although the SST anomalies

when the warm AMV leads by 7 years and those when

the cold AMV leads by 2 years do not exhibit exactly the

same spatial patterns with the opposite sign (Figs. 12e,i),

the common ingredients between the two SST anomaly

patterns are the maximum anomalies in the subpolar

gyre, weaker tropical anomalies, and the weak opposite

anomalies in the northern recirculation gyre of the Gulf

Stream. Especially, the SST anomalies in the western

subpolar gyre in both cases lead to damping of SST

anomalies by the turbulent heat fluxes for both the warm

AMV (at lag 5 4–7 years; Fig. 15c) and cold AMV (at

lag 521 to 2 years; not shown). Furthermore, the daily

low-frequency transient eddy heat fluxes exhibit the

opposite anomalies in the two cases, namely more (less)

frequent intense eddy heat flux events for the cold

(warm) AMV case (Fig. 14), which drives northward

(southward) shift of the eddy-driven jet (Figs. 13d,g;

Novak et al. 2015; O’Reilly et al. 2017a).

4) SUMMARY OF THE MECHANISTIC LINK

The following mechanistic link between AMV and

blocking emerges from the above results. The warm SST

anomalies in the western subpolar gyre associated with

the AMV (presumably driven by changes in the ocean

circulation) are damped by the surface heat flux (Gulev

et al. 2013; O’Reilly et al. 2016a; Zhang et al. 2016), which

in turn provides anomalous heating to the lower tropo-

sphere. This then reduces the meridional temperature

gradient and thus weakens overall baroclinicity and me-

ridional synoptic transient eddy heat flux in the lower

troposphere in the western North Atlantic near the

maximum mean storm track. The weakened meridional

synoptic transient eddy heat flux further results in the

dominance of cyclonic wave breaking, and hence south-

ward displacement of the eddy-driven jet, with the jet

becoming more zonal (Novak et al. 2015; O’Reilly et al.

2017a). With the southerly jet position, the Rossby wave

breaking is increasingly more favored on the poleward

flank of the jet, which results in more frequent blocking

overGreenland and less over theAzores (Woollings et al.

2008, 2010; Rivière 2009; Barnes and Hartmann 2010;

Davini andCagnazzo 2014; Kwon et al. 2018). As a result,

the negative phase of the NAO becomes a dominant

pattern following the warm AMV. The same link seems

to be valid for the cold AMV anomalies but with a

shorter lag.

4. Summary and discussion

Influence of multidecadal North Atlantic SST vari-

ability, which is represented by the AMV, on the winter

(December–March) atmospheric blocking variability

over the North Atlantic sector is examined based on the

NOAA Twentieth Century Reanalysis and ERA-20C

for 1901–2010. The second EOF mode of the winter

blocking frequency, showing the oppositely signed

anomalies over Greenland and the Azores, exhibits a

dominant multidecadal variability, while the first mode

is dominated by higher-frequency variability. The sec-

ond mode is significantly correlated with the AMV with

the maximum correlation found when the AMV leads

blocking by several years.

Composite analyses suggest that the lag of several

years is due to the slow evolution of the AMV SST

anomalies, which is likely driven by the ocean circula-

tion. The lag of several years is too long to be considered

as the atmospheric response time to the SST anomalies.

The spatial pattern of SST anomalies evolves continu-

ously associated with the AMV, even when the 10-yr

low-pass filter is applied. Therefore, the lag can be

interpreted as the time for the SST anomalies to evolve

into a pattern that is optimal to induce the maximum

response of the atmospheric circulation, although our

analysis method does not specifically seek an optimal

pattern. The ocean and atmosphere, of course, contin-

uously interact and evolve together during this time.

FIG. A1. Ensemble average of (a) the climatological mean and

(b) interannual standard deviation of the winter (December–March)

number of blocking days for 1901–2010 based on the daily Z500 from

each of the 56 ensemble members of the 20CR. The ensemble

standard deviation is indicated with the red contours (days).
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This optimal SST anomaly pattern exhibits maximum

SST anomalies in the western subpolar gyre, especially

from the Tail of the Grand Banks to the Flemish Cap. It

is noteworthy that this SST anomaly pattern is different

from the canonical AMV pattern (e.g., Ting et al. 2009;

Guan and Nigam 2009), which is obtained as a simul-

taneous regression on the AMV index time series. Note

that most of the modeling studies specify the canonical

AMV pattern to examine the atmospheric responses to

the AMV (Peings and Magnusdottir 2014, 2016; Davini

et al. 2015; Ruprich-Robert et al. 2017). However, our

results indicate that there is perhaps an SST anomaly

pattern that optimally perturbs the atmosphere or the

entire evolution of SST anomaly may be important. It

would be worthwhile to ask how the previous modeling

results would compare if they used these optimal SST

anomalies or the full temporal evolution of AMV SST

anomalies.

Intriguingly, the evolution of SST anomalies is very

different in the warm and cold phase of the AMV, and

hence the response of the blocking is also sensitive to the

sign of AMV. Alexander et al. (2014) also pointed out

that the SST anomaly pattern for every single warm or

cold epoch between 1871 and 2008 is distinct. This could

be attributed to poor data availability, especially in the

early years. However, even their most recent cold epoch

(1968–94) and warm epoch (1995–2008) exhibited very

distinct patterns, which are very similar to our lag 5 0

year composites for the cold and warm AMV phases,

respectively. As the dominant multidecadal variability

allows a very limited degree of freedom from the ob-

servational records, the robustness of the asymmetry in

the AMV phases could be further examined using long

climate model simulations. More importantly, how the

ocean circulation drives the AMV (e.g., Knight et al.

2005; Häkkinen et al. 2011b) needs to be further in-

vestigated to better understand the different SST evo-

lutions in the warm and cold phase of AMV.

For the warm phase of AMV, the warm SST anoma-

lies in the western subpolar gyre are damped by the

surface heat flux, and thus pose anomalous heating in

the lower troposphere and reduce the overall meridional

gradient of the atmospheric temperature. Consequently,

the baroclinicity and the meridional synoptic transient

eddy heat flux (i.e., the storm track activity) weaken.

The weakened transient eddy heat flux results in cy-

clonic wave breaking, and thus the eddy-driven jet shifts

equatorward and becomes more zonal (Novak et al.

FIG. A2. Histograms for the comparison between the leading EOFs from the ensemble mean fields and the 56 individual ensemble

members, for the (top) first and (bottom) second EOFmodes. The histograms are for (a),(d) the spatial correlations of the EOF patterns,

(b),(e) the temporal correlations between the PC time series, and (c),(f) the portion of the variance explained with the inverse triangle

indicating the value from the ensemble mean field EOFs.
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2015; O’Reilly et al. 2016b, 2017a). The southerly jet is

further accompanied by enhanced Rossby wave break-

ing on the northern flank of the jet over Greenland and

reduced wave breaking to the south over the Azores. As

the blocking substantially influences the seasonal mean

atmospheric circulation, the negative phase of NAO

dominates at the same time. Our result is consistent with

previous studies focused only on the relationship be-

tween the AMV and NAO (Peings and Magnusdottir

2014; Gastineau and Frankignoul 2015). It is noteworthy

that our result suggests a primary role for the extra-

tropical part of the AMV SST anomalies, which is con-

sistent with Peings and Magnusdottir (2014, 2016) and

Gastineau et al. (2016). Also note that this relationship

is primarily on the multidecadal time scale. The NAO is

also correlated with the leading mode of the winter

blocking frequency, which is predominantly on an in-

terannual to decadal time scale and not significantly

correlated with AMV.

Our analysis is limited by the length of the dataset and

dominant multidecadal time scale of AMV. In particu-

lar, our composite analysis is dictated by essentially one

cycle of AMV, the warm phase from the 1930s to 1960s

and the following cold phase from the 1970s to 1990s

(Fig. 4b). We assessed the robustness of the result from

the ensemble mean field of the 20CR in two different

ways. First, we analyzed all 56 ensemble members to

find a very small ensemble spread in terms of blocking

statistics (appendix A). This result suggests that the re-

analysis is primarily constrained by the assimilated ob-

servational data, and impact from the model’s internal

variability is limited. In addition, we examined the

ERA-20C to find that the blocking statistics and evolu-

tion of blocking anomalies with respect to AMV is

consistent with 20CR (appendix B). An alternative ap-

proach to assess the robustness of our finding could be a

general circulation model experiment with prescribed

AMV SST anomalies, which we plan to conduct in the

near future. Nevertheless, the existing modeling studies

with a focus on the NAO (Peings and Magnusdottir

2014, 2016; Omrani et al. 2014, 2016; Ruprich-Robert

et al. 2017) or blocking (Davini et al. 2015) support our

finding, as already discussed. At the same time, these

modeling studies suggest different mechanisms, proba-

bly due to model dependency. For example, some

modeling studies found the dominant role for the trop-

ical AMV forcing (Davini et al. 2015), while others

found the midlatitude AMV forcing to be important

(Peings and Magnusdottir 2014, 2016; Gastineau et al.

2016). Also, some modeling studies found a critical role

for the stratospheric pathway (Omrani et al. 2014, 2016),

while others showed similar results with and without a

well-resolved stratosphere (Peings and Magnusdottir

2016). Therefore, our observational analysis can con-

tribute to resolving the discrepancies among the models.

The blocking variability driven by the AMV projects

well on the second EOF pattern of the winter blocking

frequency, as we have shown. However, it is noteworthy

that AMV-driven blocking anomalies are concentrated

over Greenland and the Azores without much action

over the British Isles to Scandinavia. The enhanced

blocking over the British Isles and Scandinavia is found

when the jet is near its central latitude (Woollings et al.

2010). Hence, the AMV-driven blocking anomalies in-

volve primarily the changes in the jet position between

its northern and southern positions, without a significant

anomaly around the central jet position (Figs. 13c,f,i).

While we have highlighted the importance of the overall

changes in the daily eddy-driven jet latitude (i.e., a

seasonal mean sense), Woollings et al. (2018) reported

that the same second EOF mode is highly correlated

with a different aspect of the jet variability, namely

changes in intraseasonal variability of the daily jet lati-

tude (i.e., the seasonal variance). When the jet speed is

relatively weaker, the jet wobbles more meridionally

and blocking becomes more frequent over the broad

subpolar latitudes from Greenland to Scandinavia with

the most frequent blocking over the North Sea (i.e., the

opposite phase of the pattern shown in Fig. 2b). If the jet

FIG. B1. (a) Climatological mean and (b) interannual standard

deviation of the winter (December–March) number of blocking

days for 1901–2010 based on the daily Z500 of the ERA-20C.
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wobbles preferentially between the southern and central

positions, blocking would be enhanced over the broader

subpolar latitude. It needs to be investigated why the

intraseasonal variance of the jet latitude exhibits mul-

tidecadal variability and whether it is also driven by

the AMV.

In our study, we focused on the multidecadal compo-

nent of the AMV and its impact on the atmosphere. In

addition to the multidecadal variability, the AMV also

possesses significant decadal variability (Nigam et al.

2018). In particular, Nigam et al. (2018) showed that

the decadal component of the AMV is closely related

to the Gulf Stream variability: that is, the northward shift

of the Gulf Stream path coincides with the cold AMV

phase with cold SST anomalies in the subpolar gyre.

However, the SST anomalies associated with the Gulf

Stream path shift have stronger and oppositely signed

anomalies near the Gulf Stream compared to those in the

subpolar gyre (Frankignoul et al. 2001; Kwon and Joyce

2013), unlike the AMV SST anomalies. Furthermore,

Nigam et al. (2018) hypothesized that the NAO re-

sponds to the decadal component of AMV. Using var-

ious reanalyses for 1979–2012, Joyce et al. (2019) showed

that the northward shift of the Gulf Stream path precedes

the reduced blocking occurrence over Greenland and

more northeasterly storm track by 1–3 months. If this

relationship is mediated through the cold SST anomalies

in the subpolar gyre as Nigam et al. (2018) hypothesized,

the relationship may be consistent with the multidecadal

relationship found in our study. Joyce et al. (2019) noted

that their relationship does not hold prior to the mid-

1970s, which implies a potential nonstationarity.However,

it is not yet clear what the main source of the non-

stationarity is (i.e., whether ocean or atmosphere or both).

Our study was originally motivated by Häkkinen et al.

(2011a), who interpreted the coherent multidecadal var-

iability in blocking and the AMV as the blocking-related

atmospheric circulation driving the AMV. On the other

hand, we showed that the multidecadal variability in the

blocking can be driven by the AMV. Combining those

two aspects together, a two-way coupled mode of vari-

ability between the AMV and atmospheric blocking

could exist. A more detailed mechanism for such a cou-

pled mode of variability, including the source of the

multidecadal time scale, needs to be investigated.
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contours indicate positive (negative) anomalies. Contour intervals are 1 day. (c),(d) The corresponding PC time

series (black curves) and the NAO index time series (orange and green bars). The correlation between each PC

time series and NAO index is shown in parentheses.
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Y-OK, HS, and TMJ, NOAA CPO Climate Variability

and Predictability Program (NA13OAR4310139) and

DOE CESD Regional and Global Model Analysis Pro-

gram (DE-SC0019492) to Y-OK, and NSF Physical

Oceanography Program (OCE-1419235) to HS. We are

very grateful to the three anonymous reviewers and edi-

tor Dr. Mingfang Ting, for their thorough and insightful

suggestions. The NOAA 20CR dataset was downloaded

from the NOAA Earth System Research Laboratory

Physical ScienceDivisionwebpage (https://www.esrl.noaa.

gov/psd/data/20thC_Rean/). Support for the 20CRProject

version 2c dataset is provided by the U.S. Department of

Energy, Office of Science Biological and Environmental

Research (BER), and by the National Oceanic and At-

mospheric Administration Climate Program Office. The

HadISST dataset was downloaded from the U.K. Met

OfficeHadleyCentrewebpage (https://www.metoffice.gov.

uk/hadobs/hadisst/). The ERA-20C dataset was down-

loaded from the ECMWF webpage (https://apps.ecmwf.

int/datasets/data/era20c-daily/). TheERSST5 dataset was

provided by the NOAA Earth System Research Labora-

tory Physical Science Division (https://www.esrl.noaa.gov/

psd/data/gridded/data.noaa.ersst.v5.html).

APPENDIX A

NOAA 20CR Ensemble Spread

The statistics of winter blocking days are calculated

from the 56 individual ensemble members of the 20CR

and compared to the corresponding statistics using the

ensemblemean fields of the 20CR shown in themain text.

First, the climatological mean and interannual standard

deviation of the number of blocking days during winter

are calculated. The ensemble mean of 56 climatological

means and interannual standard deviations (Fig. A1) are

almost identical to the corresponding plots using the en-

semble mean fields (Fig. 1). Furthermore, the ensemble

spread, which is shown as the standard deviation among

56 members (red contours in Fig. A1), is generally small

with an amplitude of 0.2 days in most locations.

Next, the leading EOFs are calculated from the indi-

vidual members and compared against those using the

ensemble mean fields. Three different measures are

compared for each EOF mode (Fig. A2). First, the

spatial correlations between the EOF spatial pattern

from the ensemble mean field and that from each of 56

FIG. B3. (a)–(i) Lag composite of thewinter (December–March) number of blocking days fromERA-20Cwith respect to the upper 20th

percentile years of the 10-yr low-pass filtered AMV index. Note that a binomial smoothing is applied to the number of blocking days prior

to compositing as explained in section 2c. Contour interval is 1 day. Red (blue) contours are for the positive (negative) anomalies. Zero

contours are omitted. Gray shading indicates anomalies statistically significant at the 5% level. Influence from the tropical Indo-Pacific

SST is minimized from both the SST and AMV index before compositing, except for (a) and (b) as explained in section 2c.
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members are calculated (Figs. A2a,d). The result shows

that all 56 members have spatial correlations greater

than 0.98 (0.95) for EOF1 (EOF2). We also calculated

the correlations between the PC time series, similarly

(Figs. A2b,e). Again, all 56 members have temporal

correlations greater than 0.98 (0.96) for PC1 (PC2). Fi-

nally, the portion of total variance explained by EOF1

(EOF2) of 56 members is within 1% (2%) of that using

the ensemble mean fields (Figs. A2c,f).

Our results indicate that the data used for the 20CR,

which are the surface pressure, SST, and sea ice concen-

tration, constrain theAGCMto such a degree as to produce

consistent solutions across the 56 ensemblemembers at least

for the two leading EOFs. We have also repeated the same

test for the first and second halves of the record separately

and found that the conclusion still holds, although the first

half showed slightly larger ensemble spread (not shown).

The ensemble spreads become larger for the higher EOFs

as themodes becomemore dependent on regional features.

APPENDIX B

Comparison between the 20CR and ERA20C

The climatological mean and interannual standard

deviation of the number of winter blocking days based on

ERA-20C (Fig. B1) exhibit spatial patterns very similar

to those from 20CR (Fig. 1). The largest discrepancy is

found over Greenland, where ERA-20C shows more

than twice as many blocking days in the mean and;50%

stronger variability. The leading EOFs for the number of

winter blocking days from the two datasets also reveal

very similar spatial patterns as well as temporal evolu-

tions (Fig. B2 vs Fig. 2). TheEOF1 spatial pattern shows a

greater loading over Greenland in the ERA-20C com-

pared to the 20CR. The spatial correlation between the

EOF1 (EOF2) from the two datasets is 0.92 (0.89), while

the temporal correlation for the corresponding PCs is 0.89

(0.85). Finally, the lag composite of the number of winter

blocking days anomalies with respect to the 10-yr low-

pass filtered AMV index is examined from the ERA-20C

(Figs. B3 and B4). The evolution of the blocking anom-

alies following the AMV is also consistent with that from

the 20CR (Figs. 10 and 11) for both the warm and cold

phases of AMV.

APPENDIX C

Comparison between HadISST and ERSST5

The SST composites for the warm and cold AMV

years are calculated using ERSST5 (Figs. C1 and C2) to

FIG. B4. As in Fig. B3, but for the lower 20th percentile years of the 10-yr low-pass filtered AMV index.
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assess the robustness of the findings based on HadISST

(Figs. 8 and 9). Partly due to the differences in their

horizontal resolutions (28 for ERSST5 vs 18 forHadISST),

the ERSST5 composite maps exhibit a much smoother

spatial distribution of the anomalies. Nevertheless, the

two SST datasets provide overall consistent results. In

particular, the cold AMV composites (Fig. 9 vs Fig. C2)

show very similar evolutions of the cold SST anomalies

centered in the subpolar gyre. For the warm AMV com-

posites (Fig. 8 vs Fig. C1), the coarser resolution in the

FIG. C1. As in Fig. 8, but using ERSST5.
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ERSST5 resulted in broader and less concentrated max-

imum warm SST anomalies near the Gulf Stream and

North Atlantic Current compared to the SST anomalies

in the HadISST that are more concentrated near the Tail

of the Grand Banks.
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