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ABSTRACT: The present study focuses on the mechanism that controls the transition of the Euro-Atlantic circulation

responses to El Niño–Southern Oscillation (ENSO) from early (December) to late winter (February) for the period 1981–

2015. A positive phase of ENSO induces a precipitation dipole with increased precipitation in the western and reduced

precipitation in the eastern tropical Indian Ocean; this occurs mainly during early winter (December) and less so in late

winter (February). It is shown that these interbasin atmospheric teleconnections dominate the response in the Euro-

Atlantic sector in early winter by modifying the subtropical SouthAsian jet (SAJET) and forcing a wavenumber-3 response

that projects spatially onto the positive North Atlantic Oscillation (NAO) pattern. On the contrary, during late winter, the

response in the Euro-Atlantic sector is dominated by the well-known ENSO wave train from the tropical Pacific region,

involving extratropical anomalies that project spatially on the positive phase of the Pacific–North American (PNA) pattern

and the negative phase of the NAO pattern. Numerical experiments with an atmospheric model (an AGCM) forced by an

Indian Ocean heating dipole anomaly support the hypothesis that the Indian Oceanmodulates the SAJET and enforces the

Rossby wave propagation to the Euro-Atlantic region in early winter. These phenomena are also investigated using the

ECMWFSEAS5 reforecast dataset. In SEAS5, the ENSO interbasin tropical teleconnections and the response of the Euro-

Atlantic circulation anomalies and their change from early to late winter are realistically predicted, although the strength of

the early winter signal originated from the Indian Ocean is underestimated.

KEYWORDS: Indian Ocean; Atmosphere-ocean interaction; Dynamics; ENSO; Teleconnections; North Atlantic

Oscillation

1. Introduction

El Niño–Southern Oscillation (ENSO) modulates the Euro-

Atlantic atmospheric circulation during the boreal winter

(December–February) season (e.g., Toniazzo and Scaife

2006; Brönnimann 2007; Bladé et al. 2008; García-Serrano
et al. 2011; Jiménez-Esteve and Domeisen 2018; Domeisen

et al. 2019; Trascasa-Castro et al. 2019; Hardiman et al. 2019;

and others). The Euro-Atlantic circulation response to ENSO

shows a transition from early to late winter through tropo-

spheric (e.g., Moron and Gouirand 2003; Scaife et al. 2017;

King et al. 2018a; Ayarzagüena et al. 2018; Mezzina et al. 2019)

as well as through stratospheric pathways (e.g., Ineson and

Scaife 2009; Sigmond et al. 2013; Domeisen et al. 2015;

Ayarzagüena et al. 2019; and others), but our understanding of

this response transition is still incomplete. In the current study,

we are focusing on the role of forcing from heating anomalies

in the tropical Indian Ocean and the central-eastern equatorial

Pacific region to understand the early to late winter transition

of the circulation anomalies over the Euro-Atlantic region by

using observations and reanalysis as well as a seasonal hindcast

dataset.

Several studies have investigated the Euro-Atlantic circu-

lation responses to ENSO within the boreal winter season by

separating the early and late part of the season in relation to

the sea surface temperature (SST) variability in the ENSO

region (e.g., Moron and Gouirand 2003; Bladé et al. 2008; King

et al. 2018a; and others) as well as the intermediate role of the

other tropical basins in the ENSO teleconnections using vari-

ous observations and models (e.g., Ayarzagüena et al. 2018;

Hardiman et al. 2019). During early winter, strong convection

anomalies in the tropical western Pacific (TWP) tend to shape

the ENSO-forced circulation anomalies over the Euro-

Atlantic sector with relatively weaker forced Aleutian low in

the North Pacific region, which becomes the canonical ENSO

response in late winter because of the shifting of the tropical

heating anomalies to the central-eastern equatorial Pacific

region (e.g., Bladé et al. 2008). Moreover, the warming in the
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central-eastern equatorial Pacific (i.e., Niño-3.4 region) strongly
influences the other ocean basins through atmospheric tele-

connections; in particular it leads to anomalous heating and

cooling in the Indian and Atlantic basins (e.g., Shinoda et al.

2004; Zhong et al. 2005; Cai et al. 2019; Abid et al. 2020), which

provide additional sources of planetary-wave anomalies propa-

gating into extratropical regions during boreal winter season

(e.g., Ayarzagüena et al. 2018; Hardiman et al. 2019). This

highlights the combined role of the ENSO and its interbasin

teleconnection in modulating the intraseasonal variability of the

extratropical circulation anomalies, particularly over the Euro-

Atlantic region during boreal winter (e.g., Molteni et al. 2015;

Scaife et al. 2017).

For the seasonal forecast to be skillful, it is important for the

models to predict the teleconnections correctly between trop-

ical and extratropical regions (e.g., Kumar et al. 2013), which

are established through the Rossby wave excited from their

tropical sources, also known as Rossby wave sources (RWS)

(e.g., Hoskins and Karoly 1981; Sardeshmukh and Hoskins

1988). Recently, Scaife et al. (2017) revisited the North

Atlantic Oscillation (NAO) seasonal forecast, where they

show that tropical heating establishes its teleconnections to the

Euro-Atlantic circulation anomalies through the Rossby wave

propagation, with localized wave sources that lie between the

edges of subtropical and the extratropical jet streams. During

boreal winter, a significant RWS lies over the South Asia to

East Asia region where a strong subtropical westerly jet exists,

and any variation in predicting these wave sources may affect

tropical–extratropical teleconnections, which establish through

this ‘‘bridge’’ (Shimizu and de Albuquerque Cavalcanti 2011),

and may consequently affect the model prediction skill. Therefore,

the correct representation of the RWS in the models on intra-

seasonal time scale may improve the prediction skill of the

Euro-Atlantic circulation anomalies, which is discussed in the

current study.

Some other studies have shown that forcings from the

tropical Indian and the Pacific Ocean counteract each other in

generating circulation responses of opposite sign in the Euro-

Atlantic region during the winter season (e.g., Fletcher and

Cassou 2015; Fletcher and Kushner 2011). The warming in the

western Indian Ocean enforces the positive NAO phase

through the modification of the subtropical South Asian jet

(SAJET), while cooling induces the negative NAO phase,

during the boreal winter season on decadal and longer time

scale (e.g., Bader and Latif 2005; Kucharski et al. 2006).

However, the relevance of subtropical SAJET mechanism on

interannual time scales (particularly during individual winter

months) in connection with tropical heating from the Indian

and the Pacific Ocean has yet to be established and is discussed

in the current study.

King et al. (2018a) have shown a high intraseasonality of the

ENSO response in the Euro-Atlantic region, with stronger

linkage in early compared to the late winter. They proposed a

few potential mechanisms to understand the intraseasonal

characteristics of theENSO teleconnectionswith theEuro-Atlantic

region, one of which is ENSO–interbasin teleconnections. In this

context, connections with the Atlantic Ocean have also been in-

vestigated to explain the extratropical ENSO response. Using

seasonal hindcast and noninitialized coupled model simulations,

Ayarzagüena et al. (2018) noted that an ENSO-forced secondary

Rossby wave source located over the Gulf of Mexico and the

Caribbean may excite Rossby wavetrains that modulate the Euro-

Atlantic circulation anomalies. They showed that there is no tran-

sition between the early and late winter response to ENSO in free-

running (noninitialized) models due to mean SST biases in com-

parison to observations, reanalyses, and initialized coupled models.

These results highlighted the importance of the ENSO forced

connections to the Atlantic basin and their role in seasonal pre-

dictions, even though the hindcast period (1993–2015) considered

was relatively short. Another ENSO interbasin connection is with

the IndianOcean (e.g.,Wang 2019).During boreal winter season, a

warm ENSO phase enforces positive heating anomalies in the

central-western Indian Ocean (e.g., Molteni et al. 2015). These

IndianOcean heating anomalies result in a positive NAO response

over the Euro-Atlantic sector (Molteni et al. 2020). However, the

role of the Indian Ocean forcing in the ENSO-response transition

from early to the late winter in the Euro-Atlantic region has not yet

been fully understood in the existing scientific literature.

Therefore, the goal of the present study is to investigate the

relevance of the tropical heating from the central-eastern

equatorial Pacific and the tropical Indian Ocean for the re-

sponse of the Euro-Atlantic circulation anomalies during

winter, and specifically their transition from early to late win-

ter. The diagnostic analysis will be performed on both a re-

analysis dataset from the European Centre for Medium-Range

Weather Forecasts (ECMWF), namely ERA-Interim (Dee

et al. 2011), and their Seasonal Forecast System 5 (SEAS5;

Johnson et al. 2019) dataset for the period 1981–2015, which

includes a limited number of ENSO events. Moreover, nu-

merical experiments with an idealized tropical forcing pattern

are performed with an intermediate complexity atmospheric

global climate model (ICTP-AGCM; Molteni 2003; Kucharski

et al. 2006, 2013).

The datasets and model used are described in section 2. The

results of our investigations are presented and discussed in

section 3, with a focus on the relative contribution of forcings

from the Indian Ocean and the ‘‘traditional’’ ENSO region in

the central-eastern tropical Pacific. A summary and conclu-

sions are presented in section 4.

2. Datasets and model

a. Reanalysis and observational dataset

The ECMWF interim reanalysis (ERA-Interim; Dee et al.

2011) is used to assess the ENSO teleconnections over the

Euro-Atlantic region. The reanalysis dataset for geopotential

height and winds is available on a reduced Gaussian grid with

approximately uniform latitude–longitude grid spacing of

0.758 3 0.758 (;79 km) (Berrisford et al. 2011). A monthly

global observed sea surface temperature (SST) dataset from

the Hadley Centre (HadISST) was adapted; this is a combi-

nation of monthly observed global SSTs and sea ice concen-

tration available from 1871 to the present on 18 3 18 horizontal
spatial resolution. In the current study, HadISST, which is a

blend of the marine observations and in situ and satellite
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information is used as observed SSTs for the period 1981–2015

(Rayner et al. 2003). For monthly observed precipitation, the

Global Precipitation Climatology Project (GPCP) dataset is

used for the period 1981–2015. The GPCP dataset is a merged

analysis of the surface rain gauge stations, satellites, and

sounding observations, available at 2.58 latitude 3 2.58 longi-
tude spatial horizontal resolution (Adler et al. 2003). As with

every dataset, GPCP has some limitations, in this case because

of the latitudinal satellite differences, which may add spatial

heterogeneity to the dataset. However, GPCP is widely used as

an observed precipitation in assessing global teleconnections

(e.g., Scaife et al. 2017; Molteni et al. 2020). All the observa-

tional and reanalysis datasets are regridded to 18 latitude 3 18
longitude spatial horizontal resolution.

Note that reanalysis is a combination of observations and the

climate produced by numerical models, and it is used as an

approximation of observations for the analysis of the present-

day climate.

b. ECMWF-SEAS5 seasonal hindcast dataset

The seasonal hindcast data were obtained from the ECMWF

SEAS5 (Johnson et al. 2019), which is based on the Integrated

Forecast System (IFS) atmospheric model coupled to the

Nucleus for Oceanic Modeling of the Ocean (NEMO) v4.5

ocean model. The atmospheric model resolution is T319 with a

cubic octahedral grid, 91 vertical levels, and a model top at

0.01 hPa, while the horizontal resolution of the ocean model is

ORCA0.25 with 75 vertical ocean levels. The coupled system

also includes the Louvian-la-Neuve Sea Ice Model (LIM2)

withORCA0.258 resolution and a wavemodel at 0.58. For each
year, the atmospheric initial conditions are fromERA-Interim,

while the ocean was initialized using Ocean Reanalysis System

5 (ORAS5). The land, soil, and snow initializations were made

based on the forced 43r1 land surface model. A total of 25

ensemble members are available for the period 1981–2015,

eachmember starting from the first day of each calendarmonth

and integrated for the next 7 months. In the current study, we

used reforecasts initialized on 1 November, available at 18 3 18
resolution from the Copernicus Climate Change Service portal

(https://climate.copernicus.eu). The seasonal hindcast dataset

is used to analyze the model’s ability in predicting the Euro-

Atlantic circulation anomalies response transition to ENSO

from early to late winter, which consequently will impact its

seasonal prediction skill.

c. Wave activity analysis

The Rossby wave source, along with its propagation and

direction emanating from the tropical sources, is diagnosed

using Takaya and Nakamura’s (2001) wave activity flux

method. It is considered a useful tool that provides an infor-

mation about the wave propagation independent of its phase

but parallel to local group velocity of the stationary Rossby

wave packet (Takaya and Nakamura 2001; Honda et al. 2009;

McIntosh and Hendon 2018).
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In Eq. (1), p is the pressure, f0 is the Coriolis parameter at 458N,

a is Earth’s radius, N is the Brunt–Väisälä frequency, f is the

latitude, and l is the longitude. The perturbed geostrophic

streamfunction c0 is defined as u/f, where u is the geopotential

height and f 5 2Vsinf is the Coriolis parameter with V the

Earth’s rotation rate. Finally, jUj is the wind speed of the basic

flow, while u and y are the climatological zonal and meridional

winds, respectively.

d. Numerical model simulations

Additionally, the intermediate complexity International

Centre for Theoretical Physics Atmospheric Global Climate

Model (ICTP-AGCM), named SPEEDY, is used to investigate

the sensitivity of the Euro-Atlantic circulation anomalies re-

sponse to the heating anomalies in the Indian Ocean. The

ICTP-AGCM is widely used for the climate variability

and predictability studies over the extratropical region (e.g.,

Kucharski et al. 2006; Herceg-Bulić et al. 2012; Abid et al. 2015;

Ruggieri et al. 2017, and many others) as well as over the

monsoonal regions (e.g., Feudale and Kucharski 2013, and

others). SPEEDY uses T30 (;3.758 3 3.758) spatial resolution
with eight vertical levels, which makes the model computa-

tionally quite inexpensive, with reasonably well-simulated

global climatological features compared to those of observa-

tions. For further details please see the following link: http://

users.ictp.it/;kucharsk/speedy-net.html. In SPEEDY, convec-

tive processes are determined through a mass-flux scheme, the

boundary layer fluxes are parameterized by stability-dependent

bulk formulas, while radiation is represented through shortwave

and longwave radiation parameterizations. Moreover, a simpli-

fied one-layer thermodynamic model is used to determine land

and sea ice temperature anomalies (Kucharski et al. 2013).

e. Methodology

The regression maps are calculated as covariance of a nor-

malized anomaly index with a global anomaly field (e.g.,

Molteni et al. 2015). The partial regression method was used to

analyze the influence of the different tropical forcings on the
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Euro-Atlantic circulation anomalies (e.g., Kucharski et al.

2009; Cai et al. 2011) Furthermore, a two-tailed Student’s t test

is applied to test the statistical significance of the results. The

statistical significance for the SEAS5 ensemble prediction

dataset was estimated from the standard deviation derived

from the inter-ensemble spread of the regression coefficients.

3. Results and discussion

a. The response to ENSO in early and late winter

The reanalysis (ERA-Interim) and SEAS5 model responses

of the 200-hPa geopotential height to their corresponding area-

averaged SST anomalies from the central-eastern equatorial

Pacific (1908–2408E, 58S–58N) region (Niño-3.4 index) during

the boreal winter (December–February) season for the period

1981–2015 are shown in Fig. 1. The monthly reanalysis (ERA)

200-hPa geopotential height anomalies are regressed onto

the corresponding Niño-3.4 SST index from December to

February for the period 1981–2015 (Figs. 1a–c) and compared

with the 3-monthly seasonal mean reanalysis response for the

same period (Fig. 1d). Similarly, the SEAS5 predicted monthly

200-hPa geopotential height anomalies from December to

February are regressed onto the corresponding Niño-3.4 SST

index for each ensemble member separately, and then the

mean over all the ensemble members is computed. These

monthly regressions are shown in Figs. 1e–g respectively for

three winter months and compared with the regression com-

puted from the predicted seasonal mean (3-month mean) of

the 200-hPa geopotential height anomalies onto the corre-

sponding Niño-3.4 SST index (Fig. 1h). An upper-level geo-

potential height gradient with positive anomalies over the

subtropical Atlantic and negative anomalies over the northern

Atlantic region appears during December for both reanalysis

and SEAS5 (Figs. 1a and 1e respectively), which resembles the

positive NAO-like pattern. A shift in the anomalous pattern

happens in January (Figs. 1b,f), where positive NAOweakens,

whereas over the North Pacific sector the Aleutian low and the

North American high strengthen in late winter (February;

Figs. 1c,g), which is stronger in SEAS5 with a similar strength

of the Aleutian low (Fig. 1g) compared to the reanalysis

(Fig. 1c). The late winter (February) pattern shows a stronger

Pacific–North American (PNA)-like anomaly over the North

American sector compared to the early winter (December),

which projects weakly (statistically insignificant) onto the

negative NAO phase (Fig. 1c) over the North Atlantic sector.

Averaging over 3 months (DJF) weakens the ENSO forced

wave train over the Euro-Atlantic sector (Fig. 1d), which is also

reproduced by the SEAS5 prediction dataset (Fig. 1h). The

weakening of the seasonal mean (DJF) response point toward

the strong intraseasonality of the ENSO teleconnections with

the Euro-Atlantic sector as also seen in each month telecon-

nection pattern.

The spatial pattern correlation between the reanalysis and

SEAS5 regressed 200-hPa circulation anomalies averaged over

the NorthernHemisphere (NH) region (208–858N, 08–3608E) is
higher during the late winter (February: 0.91) compared to the

earlier winter (December: 0.71) due to the stronger direct

FIG. 1. (a)–(c) Regression of monthly reanalysis (ERA-Interim) 200-hPa geopotential height anomalies (m) onto the observed cor-

responding Niño-3.4 SST index for the period 1981–2015. (e)–(g) As in (a)–(c), but for the ECMWF-SEAS5. (d) Reanalysis DJF mean

200-hPa geopotential height anomalies (m) regressed onto the observed Niño-3.4 DJF SST index for the period 1981–2015. (h) As in (d),

but for SEAS5. Spatial correlation is 0.77, 0,85, 0.82, and 0.91, respectively. Stippling denotes statistical significance at the 95% confi-

dence level.
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ENSO influences over the extratropical region in late winter.

Moreover, the SEAS5 predicts reasonably well the NH tele-

connection in comparison to the previous cycle SEAS4 (King

et al. 2018a, their Fig. 4), with about 25% higher monthly

spatial correlation. King et al. (2018a) proposed various pos-

sible mechanisms for the transition of the ENSO early to late

winter teleconnections in the Euro-Atlantic sector. In the cur-

rent study, we address one of the proposedmechanisms, namely

the changing ENSO interbasin atmospheric teleconnections

from early to late winter and their role in the phase transition of

the circulation anomalies over the Euro-Atlantic sector.

To analyze the ENSO interbasin teleconnections, the ob-

served and the SEAS5 predicted Niño-3.4 SST indices are

correlated in early (December) and late winter (February)

with their corresponding global precipitation respectively

(Fig. 2). Figure 2a shows the relationship between the observed

precipitation anomalies and the corresponding Niño-3.4 SST

index in December, which extends from the Pacific to the

Indian and the Atlantic basins. A tripolar precipitation pattern

appears in the equatorial Pacific and Indian Ocean with two

positive anomalous centers located in the central-eastern

equatorial Pacific and in the tropical western Indian Ocean

(TWIO) regions, while a third center with negative anomalies

is located over the tropical eastern Indian Ocean (TEIO) ex-

tending to the tropical western Pacific (TWP) region; this is

consistent with the seasonal-mean teleconnections computed

by Molteni et al. (2015). This ENSO–Indian Ocean relation-

ship becomes weaker in late winter (February), while signifi-

cant anomalies appear in the subtropical Atlantic region

(Fig. 2b), compared to the early winter (Fig. 2a).

For the SEAS5, the correlation of the Niño-3.4 SST index

with the global precipitation is calculated for each ensemble

member separately, and then the average correlation of 25

ensemble members is calculated after applying the Fisher Z

transformation; results are shown for early (December; Fig. 2c)

and late winter (February; Fig. 2d), respectively. The SEAS5

shows the tripolar tropical precipitation structure (Fig. 2c)

similar to that of observation (Fig. 2a) in early winter, while

some differences are noted in late winter teleconnection pat-

tern particularly over the tropical Indian Ocean as well as in

equatorial Pacific region, where warm anomalies are extended

westward (Fig. 2d) compared to the observations (Fig. 2b).

During early winter (December), the prediction skill of the

area-averaged precipitation anomalies over the TWIO (408–
808E, 108S–108N) is 0.65 and for the TEIO (908–1408E, 108S–
108N) is 0.80, which is low compared to that of Niño-3.4 pre-

cipitation index (0.95). Overall, the SEAS5 predicts the tran-

sition of the ENSO interbasin atmospheric teleconnection

from early to late winter quite well in the tropical IndianOcean

as well as in the Atlantic Ocean, although with some biases in

the latter area in its ENSO teleconnections.

The tropical forcing is mainly determined by precipitation

anomalies, through latent heat release that determines the

Rossby wave source; they are useful for the assessment of the

teleconnections (e.g., Molteni et al. 2015). To further investi-

gate the tripolar precipitation structure and its atmospheric

teleconnections, a tropical Indian precipitation dipole index

area-averaged over the tropical western (408–808E, 108S–
108N)–tropical eastern Indian Ocean (908–1408E, 108S–108N)

region (namely TWEIO; boxes indicated in Fig. 2a) is defined,

while a Niño-3.4 precipitation index is defined for the precip-

itation anomalies area-averaged over the central-eastern

equatorial Pacific region. The comparative role of the two

oceanic indices (TWEIO and Niño-3.4) in modulating the

FIG. 2. (a),(b) Correlation of the observed Niño-3.4 SST index with their corresponding observed precipitation

for December and February respectively for the period 1981–2015, (c),(d) As in (a) and (b), but for ECMWF-

SEAS5. Two boxes highlight the western (408–808E, 108S–108N) and eastern Indian Ocean (908–1408E, 108S–108N)

domains used for the tropical western–eastern Indian Ocean (TWEIO) precipitation index. Stippling denotes

statistical significance at the 95% confidence level.
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Euro-Atlantic circulation anomalies transition from early to

late winter is discussed in detail in the following. It is pertinent

to mention here that the TWEIO precipitation index used in

this study is different from that defined in Annamalai et al.

(2007), where the authors considered January to March as

winter season, and from the classical Indian Ocean dipole (Saji

et al. 1999).

Figure 3 shows the regression of the reanalysis 200-hPa

geopotential height for early (December) and late winter

(February) onto their respective observed normalized precip-

itation index from the Niño-3.4 region for the period 1981–

2015. During early winter (Fig. 3a), negative geopotential

height anomalies appear over the Arctic and North Atlantic

region, and positive geopotential height anomalies over the

subtropical Atlantic extended to the central-eastern European

sector, which resembles a positive NAO-like pattern. A ca-

nonical ENSO response appears (Fig. 3b) in late winter

(February), closer to a positive PNA-like pattern compared to

the early winter (December). In February, a weaker negative

NAO like pattern (statistically insignificant) appears over the

North Atlantic sector, with positive anomalies over the North

Atlantic (north of about 508N) and negative to its south at

around 358N (Fig. 3b). These results are similar to those ob-

tained using the Niño-3.4 index defined using SSTs (Fig. 1). For
the SEAS5 predictions, the Niño-3.4 regression pattern is cal-

culated for each ensemble member separately and then the

ensemble-mean regression pattern is computed for December

(Fig. 3c) and February (Fig. 3d), respectively. The SEAS5

predictions show the transition of the Euro-Atlantic circula-

tion anomalies from early (Fig. 3c) to late winter (Fig. 3d) quite

well compared to the reanalysis. To quantify the Euro-Atlantic

circulation anomalies responses to the ENSO as well as to

Indian Ocean forcing, we define a 200-hPa geopotential height

anomalies-based NAO index over the Euro-Atlantic sector.

The difference of the 200-hPa geopotential height anomalies

area-averaged over Iceland (3108–3558E, 508–808N) and the

Azores (3108–3608E, 308–458N)—shown with the two boxes

over the North Atlantic sector; Fig. 3—mimics the NAO index

over the North Atlantic sector.

The ENSO-forced NAO index is 28.3m for reanalysis and

24.1m for SEAS5 in December, whereas it is 29.0m for re-

analysis and 214.8m for SEAS5 in February. Considering

1-sigma (12.7-m standard deviation) spread around the en-

semble mean for SEAS5, the reanalysis NAO lies within the

ensemble spread during December (Fig. S1 in the online sup-

plemental material). Moreover, the large spread among the

SEAS5 ensemble members could be contributed from internal

atmospheric variability (Deser et al. 2018). During late winter

(Figs. 3b,d), the strengthening of the Aleutian low in reanalysis

as well as in SEAS5 is because of the direct poleward ENSO

response (e.g., Hoskins and Karoly 1981; Bladé et al. 2008).

The area-averaged 200-hPa geopotential height anomalies

over theAleutian low (1808–2408E, 308–608N) region (shown as

the box over the North Pacific region in Fig. 3) defines the

Aleutian low index, which strengthens about 50% from early to

late winter in reanalysis, while ;40% strengthening of the

Aleutian low is noted in SEAS5. During late winter, the

deepening of the Aleutian low increases the wave activity flux

from the North Pacific into the North Atlantic sector as well as

into the stratosphere, which may trigger the negative NAO

pattern over the Euro-Atlantic sector through a northern an-

nular mode (NAM) response (e.g., Thompson and Wallace

2000; Hitchcock and Simpson 2014; Butler et al. 2014; Ineson

and Scaife 2009; Toniazzo and Scaife 2006).

FIG. 3. (a),(b) Regression of reanalysis 200-hPa geopotential height anomalies (m) onto their corresponding

observed Niño-3.4 precipitation anomalies index for December and February, respectively, for the period 1981–

2015. (c),(d) As in (a) and (b), but for ECMWF-SEAS5. Stippling denotes statistical significance at the 95%

confidence level. Boxes in North Atlantic sector are used to define the NAO index, while the box over the North

Pacific sector is used to define the Aleutian low index.

1536 JOURNAL OF CL IMATE VOLUME 34

Unauthenticated | Downloaded 04/27/21 06:38 AM UTC



The tropical Indian Ocean heating anomalies are positively

correlated with the NAO during the boreal winter season (Yu

and Lin 2016; Scaife et al. 2017; Lee et al. 2019). To investigate

the robustness of this relationship, the reanalysis 200-hPa ge-

opotential height anomalies are regressed onto the observed

normalized TWEIO precipitation index during December

(Fig. 4a) and February (Fig. 4b) respectively. Similarly, the

SEAS5 200-hPa geopotential height anomalies are regressed

onto the corresponding TWEIO index and the ensemble mean

response for December and February as shown in Figs. 4c and

4d respectively. The TWEIO regression patterns show simi-

larities to those of the Niño-3.4 regression patterns (Fig. 3),

particularly in early winter (December). The TWEIO-forced

reanalysis NAO index is 43.8m (Fig. 4a), which is about 55%

stronger than the Niño-3.4 forced pattern (Fig. 3a) in early

winter (December), while not much difference appears in the

NAO pattern forced from the Indian Ocean (29.2m; Fig. 4b)

and from the Niño-3.4 (29.0m; Fig. 3b) in late winter

(February). However, the SEAS5-based positive NAO re-

sponse to the TWEIO (22.0m; Fig. 4c) is almost similar to the

ENSO (24.1m; Fig. 3c) forcings in early winter, but a signifi-

cant difference appears for late winter negative NAO response

to the ENSO forcing (214.8m; Fig. 3d) compared to the Indian

Ocean forcing (28.5m; Fig. 4d). In particularly, in contrast to

reanalysis in SEAS5 there is a weaker response in early winter

from the Indian Ocean compared to the ENSO response.

Moreover, in early winter (December), a weaker positive

correlation is noted between reanalysis NAO and Niño-3.4
index (0.24), while a relatively stronger and statistically sig-

nificant (95% confidence level) correlation is found between

TWEIO andNAO (0.38). However, for SEAS5 the correlation

between NAO and TWEIO is 0.22, whereas with the Niño-3.4
index it is 0.24, which shows a similarity in NAO response to

the Indian Ocean as well as the ENSO forcing in the prediction

dataset. The ensemble mean–based SEAS5 NAO index cor-

relations with the Niño-3.4 and the TWEIO are similar (0.63;

statistically significant at 95% confidence level). The higher

correlation in the ensemble mean is a result of its reduced in-

ternal variability. The statistically significant positive correla-

tion in reanalysis indicates a stronger positive NAO-forced

response to the Indian Ocean (Fig. 4a) compared to that of

ENSO (Fig. 3a) in early winter. In early winter (December),

the positive relationships of NAOwith both tropical basins are

consistent with earlier findings (e.g., Scaife et al. 2017). In the

next section, the impact of the two tropical forcings fromNiño-
3.4 and the TWEIO to the Euro-Atlantic circulation anomalies

will be analyzed independently.

b. Role of forcing from different tropical regions: Pacific
versus Indian Ocean

In this section, the role of the tropical forcings from the

Indian and Pacific Oceans in modulating the Euro-Atlantic

atmospheric circulation anomalies is explicitly discussed by

isolating their effect independently from each other; this is

achieved using a partial regression method (e.g., Kucharski

et al. 2009) as shown in Eq. (2):

X(t)
res

5X(t)2b3X(t)
RM

: (2)

Here, b is the least squares regression coefficient between the

anomaly index time series X(t)RM (Niño-3.4 or TWEIO indi-

ces) to be removed and the anomaly index time series X(t)

(TWEIO or Niño-3.4 indices), whileX(t)res is the residual time

series, which is uncorrelated with X(t)RM. In this way we can

create a Niño-3.4 precipitation index linearly independent of the
TWEIO index and aTWEIOprecipitation index independent of

the Niño-3.4 index. These indices will be called ‘‘pure Niño-3.4’’
and ‘‘pure TWEIO’’ for convenience in the following.

FIG. 4. (a),(b) As in Figs. 3a and 3b, but with observed TWEIO precipitation anomalies index. (c),(d) As in

Figs. 3c and 3d, but with the TWEIO ECMWF-SEAS5 index. Stippling denotes statistical significance at the 95%

confidence level.
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The observed pure Niño-3.4 precipitation index (indepen-

dent of the TWEIO index) and pure TWEIO precipitation

index (independent of the Niño-3.4 index) are correlated with

the global precipitation shown in Figs. 5a and 5c respectively

for early winter (December). These maps show that Niño-3.4
precipitation anomalies may occur without strong precipita-

tion anomalies in the tropical Indian Ocean (Fig. 5a), as well as

the tropical Indian Ocean precipitation dipole anomalies

without strong anomalies in the central-eastern equatorial

Pacific region (Fig. 5c) in early winter (December). The cor-

relation between Niño-3.4 index and TWEIO is 0.64, which

explains about 40% of the total variance of TWEIO, while

it shows that about 60% of the TWEIO variability can exist

independently of ENSO in early winter (December). In

February, almost no signal is noted in tropical Indian Ocean

with pure Niño-3.4 forcing (Fig. 5b), while with the pure

TWEIO a much weaker signal appears, particularly over the

western Indian Ocean (Fig. 5d) compared with the December

map (Fig. 5c). The reason for the weakening of the signal in the

Indian Ocean is likely related to a substantial southward shift

of the climatological precipitation fromDecember to February

(Fig. S2), leading to much less precipitation near the equator in

February compared to December.

Figure 6a shows the regression of the reanalysis 200-hPa

geopotential height anomalies onto the pure observed Niño-
3.4 precipitation index, which reveals almost 100%weaker and

less significant ENSO teleconnection with the NAO (0.31m) in

the Euro-Atlantic region during December, compared to the

total forcing (Fig. 3a). Also, compared to Fig. 3a, about 45%

weaker Aleutian low response (210.1m) is found over North

Pacific, while wider positive height anomalies appear over

eastern North America, and the eastern European region

(Fig. 6a). However, during late winter (February), the 200-hPa

geopotential height anomalies connected with the pure Niño-
3.4 (Fig. 6b; NAO 211.9m) resemble to those of total pattern

(Fig. 3b; 214.8m). This suggests that the atmospheric tele-

connections in February aremainly forced by theENSO signal,

rather than by its interbasin teleconnections.

Next, the reanalysis 200-hPa geopotential height anomalies

for December are regressed onto the observed pure TWEIO

precipitation index (Fig. 6c). A strong upper-level negative

geopotential height anomaly over the Euro-Atlantic region

and positive over the subtropical Atlantic region appear in

Fig. 6c; this dipole resembles a positive NAO pattern (33.5m),

which is much stronger than purely ENSO forced (0.31m)

pattern (Fig. 6a), consistent to that found using the total forc-

ings (Figs. 3a and 4a). This analysis reveals that a substantial

part of the ENSO induced Euro-Atlantic circulation anomalies

is not directly forced by heating anomalies from the central-

eastern equatorial Pacific (Niño-3.4) region, but the tropical

Indian Ocean provides the primary forcing to the positive

NAO like pattern during early winter. On the other hand, in

late winter (February; Fig. 6d) the pure TWEIO-forced 200-

hPa geopotential height anomalies show significant differences

over the North American and North Pacific region with

weakening (;80%) of Aleutian low, projecting weakly onto

the negative NAO (about 45% weaker) with respect to the full

TWEIO regression (Fig. 4b). This indicates that the PNA

pattern is mainly modulated by the ENSO anomalies from the

central-eastern equatorial Pacific region.

The SEAS5 also shows a response broadly similar to the

reanalysis for the two independent tropical precipitation

forcings (Fig. 7). With pure Niño-3.4 (Fig. 7a) the positive

NAO (13.4m) is about 40%weaker in early (December), while

negative NAO (211.9m) is about 20% weaker in late winter

(Fig. 7b; February) compared to the full Niño-3.4 regressions

FIG. 5. (a),(b) Correlation of the observed pureNiño-3.4 precipitation anomalies index (after removing TWEIO)

with the corresponding global precipitation anomalies for December and February respectively for the period

1981–2015. (c),(d) As in (a) and (b), but with pure TWEIOprecipitation anomalies index (after removingNiño-3.4)
for the period 1981–2015. Stippling denotes statistical significance at the 95% confidence level.
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(Figs. 3c,d). The NAO (10.5m) forced with the pure Indian

Ocean is nearly 50%weaker inmagnitude in early (Fig. 7c) and

it almost vanishes NAO (20.53m) in late winter (Fig. 7d)

compared to the full TWEIO regressions (Figs. 4c,d). SEAS5

shows a similar response in the positive NAO to the two pure

forcing (Figs. 7a,c) with a slightly (;20%) dominating role

of ENSO compared to the Indian Ocean in early winter.

Moreover, in early winter, the positive NAO response to

the pure Indian Ocean forcing is clear and stronger in the

reanalysis (Fig. 6c) compared to SEAS5 (Fig. 7c). Overall, the

SEAS5 predictions captures the early to late winter NAO

transition to some extent, with relatively weaker Indian Ocean

teleconnections compared to the reanalysis. The results shown

in Figs. 6 and 7 are an important basis for the rest of our

investigation.

To better identify the planetary wave propagation in the

early winter (December), the wave activity flux (WAF) is

regressed onto the pure TWEIO index for reanalysis (Fig. 8a)

FIG. 7. As in Fig. 6, but for the ECMWF-SEAS5. Stippling denotes statistical significance at the 95% confi-

dence level.

FIG. 6. (a),(b) Regression of December and February reanalysis 200-hPa geopotential height anomalies (m) onto

the corresponding observed pure Niño-3.4 precipitation anomalies index (after removing TWEIO) for the period

1981–2015. (c),(d) As in (a) and (b), but with observed pure TWEIO precipitation anomalies index (after removing

the Niño-3.4 region). Stippling denotes statistical significance at the 95% confidence level.
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as well as for SEAS5 (Fig. 8b) respectively. The WAF defines

the wave path emanating from its tropical source, which is

parallel to its group velocity and is also consistent with its ray

path (e.g., McIntosh and Hendon 2018). The vectors indicate

the source of the originating wave from the Indian Ocean

around 208N, it reaches eastern China where a divergent center

appears, and then move eastward to the North Pacific sector

(around the date line at 408N), then crossingNorthAmerica and

reaches to the North Atlantic sector south of the Greenland

region. It corresponds to a wavenumber-3-like pattern emanat-

ing from the subtropical South Asia region, which propagates

through the North Pacific and North America and impacts the

Euro-Atlantic region (Fig. 8a). Over the North Pacific sector

some part of the wave shows divergent behavior propagating

toward the equatorial region. The SEAS5 reproduces a response

similar to the reanalysis but with notably weaker amplitude

over both the North Pacific and the North Atlantic sector

(Fig. 8b). Although the SEAS5 predicts the phase of the tropical–

extratropical teleconnection reasonably well in comparison to

the reanalysis, the wave is weaker in amplitude, which has im-

plications for the predictability of the Euro-Atlantic circulation

anomalies as noted in Fig. 7c. The results in Figs. 6–8 suggest that

the Indian Ocean teleconnection with ENSO is responsible for

the apparent transition of the ENSO-forced circulation anom-

alies in the Euro-Atlantic region from early to late winter, with

Indian Ocean precipitation being the primary source of the

positive NAO signal observed in early winter.

The Indian Ocean competes with ENSO forcing in its in-

fluences on the stratospheric circulation anomalies through

meridional eddy heat fluxes during boreal winter (e.g., Fletcher

and Kushner 2011). To investigate the stratospheric responses

we used the pure TWEIO precipitation index and pure Niño-
3.4 index according to Eq. (2) and regressed them with 10-hPa

geopotential height anomalies to analyze the influence of the

two tropical forcings separately on the northern annular mode

(NAM) also known as Arctic Oscillation (AO) (Thompson

andWallace 2000). In early winter, a positiveAO-like response

to the Indian Ocean forcing is seen (see Fig. S3c), while the

response to the pureNiño-3.4 (Fig. S3a) forcing in the polar cap
region is a wavenumber 1. On the other hand, in February, neg-

ative AO-like circulation anomalies appear with wavenumber-2

response to the pure Niño-3.4 forcing (Fig. S3b), while the pure

TWEIO forcing induces positive AO circulation anomalies

(Fig. S3d). The AO index response is quantified as the area-

averaged difference between the two centers [(358–558N,

08–3608E) 2 (658–908N, 08–3608E)], identified from the leading

mode of an empirical orthogonal function (EOF) applied to the

10-hPa geopotential height north of 208N. The positive AO re-

sponse to the TWEIO is prominent in early (December; 118.3m)

compared to the late winter (February; 10.1m), while Niño-3.4
forces a stronger negative AO circulation anomaly in late

(283.0m) compared to early winter (217.7m). This is consistent

with earlier findings (e.g., Ineson and Scaife 2009; Butler et al.

2014).Moreover, theAO index correlationwith the IndianOcean

(TWEIO) is 0.37 (statistically significant at 95% confidence level),

while the correlationwith theNiño-3.4 index is 0.20. This confirms

the dominant role of the Indian Ocean compared to the Niño-3.4
forcing in early winter. However, in late winter a weaker AO

correlation is found with the Niño-3.4 forcing (20.19), which

dominates over the response to the Indian Ocean forcing. In

summary, the stratospheric response in the polar cap region is

dominated by the Indian Ocean in early winter, whereas the

ENSO response dominates in late winter by inducing a negative

AO response (e.g., Fletcher and Kushner 2011; Hitchcock and

Simpson 2014; Hardiman et al. 2019).

c. Connection with the subtropical South Asian jet

Figure 8 shows a wave train emanating from subtropical

South Asia enforces the positive NAO like pattern over the

Euro-Atlantic region in early winter. Further analysis was

carried out to understand the teleconnection between the

Indian Ocean and the Euro-Atlantic region in early winter.

The TWEIO precipitation dipole index was correlated with the

200-hPa zonal (U) winds in December; a significant positive

correlation was found within 208–408N, 308–808E, which shows a

strengthening of the subtropical South Asian jet (SAJET) during

early winter due to the Indian Ocean heating dipole. (Fig. 9a).

Following Bader and Latif (2005), a 200-hPa subtropical

South Asian jet index (SAJETI; 408–808E, 228–378N) was de-

fined using reanalysis zonal U winds during December. The

correlation between observed TWEIO precipitation dipole

index and SAJETI is 0.60 (statistically significant at 95%

confidence level), which shows a strong covariability among

them in earlywinter. The 200-hPa geopotential height anomalies

FIG. 8. (a) Regression of reanalysis of December 200-hPa geopotential height anomalies onto the observed pure

TWEIO precipitation index (shaded; m), and the vector (m2 s22) corresponds to the wave activity flux (WAF) for

the period 1981–2015. (b) As in (a), but with ECMWF-SEAS5.
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are regressed onto this SAJET index for early winter (Fig. 9b).

A wavenumber-3 pattern appears with a positive NAO-like

anomaly over the Euro-Atlantic region similar to that of

Figs. 4a and 6c, suggesting that SAJET acts as an atmospheric

bridge between the forcing from the tropical Indian Ocean and

extratropical wave pattern, which affects the Euro-Atlantic

circulation anomalies during early winter. Moreover, the

SEAS5 200-hPa geopotential height anomalies are regressed

onto SAJETI for each member of the ECMWF SEAS5 en-

sembles. The ensemble-mean regression pattern shows that

the SEAS5 predictions are able to predict a pattern of Euro-

Atlantic circulation anomalies connected to SAJET variability

in early winter (Fig. 10) similar to the reanalysis (Fig. 9b),

which also resembles to that of Figs. 4c and 7c over the North

Atlantic region.

Using Eq. (2), the ENSO influence was removed from the

SAJETI and then the reanalysis 200-hPa geopotential height

anomalies were regressed onto the corresponding SAJETI

residual (i.e., SAJETI linearly removed Niño-3.4) during early
winter (Fig. 9c). A similar response of 200-hPa geopotential

height anomalies is noted over the Euro-Atlantic region

(Fig. 9c) compared to the reanalysis (Fig. 9b). The correlation

between TWEIO and SAJETI residual is 0.35 (statistically

significant at 95% confidence level), which is relatively weaker

than that of total SAJETI and TWEIO. However, still it shows

that pure SAJET can be modified substantially by the TWEIO

precipitation dipole. Moreover, during early winter, the cor-

relation of the SAJETI residual (independent of Niño-3.4 in-

fluence) with NAO index is 0.33 (statistically significant at 95%

confidence level), which is almost similar to that of total

SAJETI with NAO index (0.31). It means that SAJETI ex-

plains only about 10% of the total NAO variance. This is

consistent with the NAO being an atmospheric mode that is

mainly driven through the internal atmospheric dynamics

(Jiménez-Esteve and Domeisen 2018). These results are con-

sistent with Bader and Latif (2005), who argued that the de-

cadal warming in the western TIO strongly impacts the NAO

through a hemispheric wave pattern connected with the sub-

tropical SouthAsian jet during the boreal winter (DJF) season.

However, we note that this influence dominates in early com-

pared to late winter.

To further investigate the mechanism connecting TIO pre-

cipitation dipole with North Atlantic variability, numerical

FIG. 9. (a) Correlation of the observed TWEIO precipitation index with the reanalysis 200-hPa zonal windsU for

the period 1981–2015. The box highlights the South Asian jet index (SAJETI) over the region 408–808E, 228–378N.

(b) Regression of 200-hPa geopotential height anomalies (m) onto SAJETI. (c) As in (b), but with SAJETI (after

removing the Niño-3.4 influence). Stippling denotes statistical significance at the 95% confidence level.

FIG. 10. Regression of ECMWF-SEAS5 200-hPa geopotential

height anomalies (m) onto the corresponding SAJETI. Stippling

denotes statistical significance at the 95% confidence level.
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experiments have been carried out using the ICTP-AGCM,

which are discussed in the next section.

d. Numerical experiments with idealized tropical forcing

Even though the statistical analyses described in the previ-

ous sections consistently suggest that forcing originated in the

Indian Ocean produces an atmospheric response that propa-

gates into the North Atlantic region, correlations or regres-

sions (with no time lag) cannot be taken as a proof of causality.

To demonstrate that the North Atlantic response originates

from the Indian Ocean, we have performed numerical simu-

lations with the ICTP atmospheric GCM (see section 2) in

which we introduce diabatic heating perturbations to modify

the precipitation distribution over the Indian Ocean.

Two experiments are carried out: one is the control (CTL)

experiment with climatological boundary conditions and pre-

scribed SSTs with no additional perturbation, and the other

one is a perturbed (PERT) experiment adapted from Kosovelj

et al. (2019) and Abid et al. (2020). In the PERT experiment, a

dipole pattern of heating and cooling anomalies is added to the

temperature tendency equation; the heating perturbation, lo-

cated only in the tropical western and eastern Indian Ocean

(Fig. 11a), is described in Eq. (3):

�
›T

›t

�
pert

(l,u,s)5F
SST

(l,u)H
pert

(l,u)

�
›T

›t

�
cc

(u,s): (3)

In Eq. (3), the nondimensional factorFSST (ranging from 0 to 1)

defines the criterion to trigger the additional convective heat-

ing when SST meets the minimum threshold of 248C, with

values increasing linearly with SST above that limit. The spatial

pattern of the perturbation is given by

H
pert

52k
h
cos(3l)rand(0, 1); p/6,l, 5p/6:

This term is finally multiplied by the zonally averaged tem-

perature tendency produced by convection and large-scale

condensation (›T/›t)cc to generate a three-dimensional heating

perturbation.

The parameter kh5 0.5 controls the heating amplitude in the

perturbed experiment; the magnitude of kh was chosen to

trigger a convection dipole in the Indian Ocean comparable to

that associated with a strong El Niño event, and is different

from the value used by Kosovelj et al. (2019), where the larger

value was chosen to mimic MJO variability with relatively

small ensemble members. The positive or negative sign of the

Hpert pattern corresponds to a heating or cooling term re-

spectively; the pattern is multiplied at every day randomly with

0 or 1 at each grid point to simulate some high-frequency

variability in the release of additional heating (or cooling). The

heating and cooling dipole pattern is zonally confined in the

tropical Indian ocean, with meridional extension of 6308 lati-
tude (Kosovelj et al. 2019) as shown in Fig. 11a. For each ex-

periment, the ICTP model was integrated for six months,

starting from 1 October of different years, in order to create

139 ensemble members (Abid et al. 2020). Here, the response

is analyzed for December only.

The precipitation anomaly simulated by the model as a re-

sponse to the heating perturbation in the Indian Ocean is

shown in Fig. 11b. As noted in Kosovelj et al. (2019), the dipole

FIG. 11. (a) Tropical western (heating) and eastern (cooling) Indian Ocean (TWEIO) pattern for the idealized

simulations (K day21). (b) Precipitation (Pert2 CTL) response to the dipole (western warm/eastern cold) heating

anomalies shown in (a) (mmday21) based on 139 ensemble members. (c) As in (b), but for 200-hPa geopotential

height anomalies (m). (d) As in (c), but for 200-hPa velocity potential anomalies (3106m2 s21).
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perturbation produces a change in the precipitation pattern

such that the total heating and cooling anomaly is amplified

with respect to the imposed perturbation. The subtropical

Rossby wave response over South Asia creates an upper-level

trough over the western and central part of South Asia (Abid

et al. 2020), which in turn modulates the subtropical SAJET.

From this subtropical trough, a wavenumber-3 pattern propa-

gates into the northern extratropics, leading to negative geo-

potential height anomalies over the Arctic and the Euro-

Atlantic region (Fig. 11c). The 200-hPa velocity potential re-

sponse reflects upper-level divergence anomalies over the

western TIO and upper-level convergence anomalies over the

eastern TIO (Fig. 11d). To the west of the upper-level anom-

alous convergence a streamfunction minimum appears due to

Sverdrup balance (e.g., Rodwell and Hoskins 2001), leading to

the negative geopotential height perturbation over South Asia

and the associated perturbation of the subtropical South Asian

jet (Fig. 11c). Therefore, our experiments confirm that the

subtropical SAJET is modulated by the anomalous heating and

cooling in the tropical Indian Ocean, and these South Asian jet

anomalies act as a ‘‘bridge’’ between the tropical heating in the

Indian Ocean and the Euro-Atlantic circulation anomalies in

early winter. Moreover, we also performed an experiment with

reversed IndianOcean heating anomaly. Reversing the pattern

of the Indian Ocean heating anomaly shows a response over

Euro-Atlantic sector with centers of reverses sign, but slightly

shifted to the south, which projects weakly onto the negative

NAO phase (figure not shown).

To analyze the wave propagation from its tropical source in

the Indian Ocean toward the North Atlantic sector, additional

(Control and Perturbed) experiments were carried out with

daily output frequency. The simulations were initialized from

1November with the heating dipole turned on in the perturbed

experiment. The reason for switching on the heating pertur-

bations in November was to follow the wave propagation in

late autumn (early winter). The experiments have 139 en-

semble members with a similar forcing pattern shown in

Fig. 11a. Pentad ensemble means (Perturbed 2 Control) have

been analyzed for the 200-hPa geopotential height anomalies

starting from 1 November shown in Fig. 12 (e.g., day 5 means

the average from days 1 to 5, and so on). The initial pentad

ensemble mean shows a Gill-type response (Fig. 12a) over the

Indian Ocean corresponding to the wave source in the region.

Initially, the wave amplitude is weak, and therefore the re-

sponse in the first pentad was multiplied with 5. As time

evolves, the wave emanating from the tropical Indian Ocean

heating source passes through the North Pacific (Fig. 12b), and

then after 15 days reaches to the North American sector

(Fig. 12c). The wave propagates farther eastward and reaches

the North Atlantic region after about 20 to 25 days

(Figs. 12d,e). This wave propagation resembles the circum-

global teleconnection (CGT) following the waveguide in the

vicinity of the mean jet stream position in the extratropical

region as noticed by Branstator (2002). Moreover, the wave

development in the North Atlantic is not only because of the

linear wave propagation; eddy–mean state interactions, which

FIG. 12. (a)–(h) Ensemble-mean pentad (5-day mean) of the 200-hPa geopotential height (m) (Pert 2 CTL) representing the wave

propagation due to the TWEIO heating anomalies in the IndianOcean starting from 1 November. For days 1–5 the amplitude of the wave

is 35, because of its weaker amplitude. All others are on same scale.
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dominate over that region, likely also play an important role

(Jiménez-Esteve and Domeisen 2018). After 40 days, the

upper-level (200-hPa) geopotential height anomalies response

in the North Atlantic region is similar to that of Fig. 11c.

These well-simulated early winter teleconnections between

the IndianOcean andEuro-Atlantic sectorwithAGCM idealized

numerical experiments compared to the reanalysis and the cou-

pled model predictions (SEAS5) add robustness to our findings.

e. Late-fall tropical teleconnections to the Euro-Atlantic

circulation

King et al. (2018a,b) have argued that the ENSO anomalies

strongly modulate late fall (November) Euro-Atlantic circula-

tion anomalies from central and central-eastern Pacific regions.

Although the current study has focused on the Euro-Atlantic

variability within the boreal winter (December–February) sea-

son, it is likely that themechanismwe investigated alsoworks for

the late fall circulation anomalies. The ENSO teleconnection to

the Euro-Atlantic region inNovember (Fig. 13a) shows a similar

spatial pattern but stronger in magnitude than its December

counterpart (Fig. 1a), which is consistent with King et al.

(2018b). In December, the NAO index over the Euro-Atlantic

sector is 21.4m, about 55% weaker than that of November

(48.1m; Fig. 13a). The ECMWF SEAS5 model reproduces the

observed pattern over the Euro-Atlantic sector, but with weaker

magnitude (Fig. 13b). Furthermore, separating the signals from

the TWEIO and the Niño-3.4, we confirm that pure TWEIO

enforces a positive and about 55% stronger NAO-like pattern over

theEuro-Atlantic sector (Fig. 14b) in late fall, compared to thepure

Niño-3.4 forcing (Fig. 14a).

4. Summary and conclusions

The present study focuses on the response of the Euro-

Atlantic circulation anomalies to ENSO and its tropical in-

terbasin connections across the boreal winter season. By sep-

arating early and late winter, it is noticed that the heating

anomalies from the central-eastern equatorial Pacific (Niño-
3.4 region) are the main source of teleconnections with the

Euro-Atlantic circulation anomalies in late winter (February),

whereas they play a lesser direct role in early winter (December).

During early winter, the primary forcing that modulates the

positive NAO-like response in the Euro-Atlantic region

comes from a tropical western and eastern Indian Ocean

dipole, namely as the tropical western–eastern Indian Ocean

(TWEIO) dipole (e.g., see Figs. 4a and 6c). In this part of the

season, a warm ENSO event is connected to a precipitation

dipole in the tropical Indian Ocean, where heating anomalies

are located in the tropical western Indian Ocean and cooling

anomalies are in the eastern Indian Ocean. The correlation

between observed TWEIO and Niño-3.4 in early winter

(December) is 0.64, which explains about 40% of the TWEIO

variability. It also implies that TWEIO can exist indepen-

dently, with a periodicity of about 3 years.

Instead of using SST-based indices to compute tele-

connections, we used precipitation indices from the Niño-3.4
region as well as a TWEIO dipole index from the tropical

Indian Ocean. The correlation of the NAO with TWEIO is

0.38, while withNiño-3.4 it is 0.24, indicating a dominant role of

the Indian Ocean in modulating Euro-Atlantic circulation

anomalies in early winter. Importantly, it is noted that the

precipitation forcing from the two oceanic basins can exist

FIG. 13. (a),(b) Regression of reanalysis and the SEAS5 for the November 200-hPa geopotential height anom-

alies (m) onto their respective Niño-3.4 SST index for the period 1981–2015. Spatial correlation between the two

patterns is 0.51. Stippling denotes statistical significance at the 95% confidence level.
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independently from each other. During early winter (December),

significant teleconnections with the Euro-Atlantic circulation

anomalies are predominantly found with pure TWEIO heating

anomalies forcing a positive NAO (Fig. 6c), while a stronger

(;50%) impact of pure Niño-3.4 is seen over the Aleutian low in

the PNA sector (Fig. 6a). However, in late winter (February),

pure ENSO (Niño-3.4) dominates and favors negative NAO in

the Euro-Atlantic region. We also noted an opposite response of

AO anomalies to the Indian and Pacific Ocean forcings, where

Indian Ocean dominates in modulating the positive AO like re-

sponse during early, while ENSO favors a negative AO response

in late winter.

The Indian Ocean teleconnection develops an upper-level

(200-hPa) wavenumber-3 Rossby wave pattern originating

from the subtropical South Asian jet (SAJET) region, which is

modulated by the TWEIO dipole; this wave pattern shows a

strong trough over the North Atlantic sector in early winter

(December). The TWEIO dipole induces upper-level conver-

gence in the eastern and divergence in the western Indian

Ocean. This enforces an upper-level cyclonic circulation with a

negative geopotential height anomaly over the subtropical

South Asian region. From there, the wave train propagates to

the northeast and eventually reaches the North Atlantic re-

gion, where it leads to a positive NAO-like response during

early winter. Our results are consistent with Bader and Latif

(2005), who found linkages between Indian Ocean SSTs and

North Atlantic atmospheric circulation on decadal time scales

during boreal winter (December–February). However, by sep-

arating early and late winter, we have shown that this physical

mechanism is only active in early winter. The generation and

propagation ofRossbywaves from the subtropical SouthAsia to

the North Atlantic has been confirmed with numerical AGCM

experiments, where precipitation anomalies over the Indian

Ocean were induced by an additional diabatic forcing shaped

as a TWEIO heating and cooling dipole (Figs. 11 and 12).

Moreover, considering the results fromKing et al. (2018a)—who

showed that late autumn to early winter warming in the European

region is related to the negative geopotential height anomalies in

the northern Atlantic and positive anomalies in the subtropical

Atlantic (mimicking positive NAO)—our results imply that the

European warming is mainly induced by the tropical Indian Ocean

in late fall as well as in early winter. In conclusion, we argue that the

ENSO interbasin teleconnection with the IndianOcean is themain

linkage between ENSO and the Euro-Atlantic circulation anoma-

lies in early winter, although the Indian Ocean forcing can also be

present independently ofENSO.Themechanisms for early and late

winter teleconnections are summarized in the schematic shown

in Fig. 15.

The ECMWF-SEAS5 predictions reproduce the transition

from the Indian Ocean teleconnection in early winter to the

FIG. 14. (a) Regression of the reanalysis November 200-hPa geopotential height anomalies (m) onto the pure

Niño-3.4 precipitation anomalies index (after removing TWEIO) for the period 1981–2015. (b) As in (a), but now

with pure TWEIO precipitation index (after removing Niño-3.4). Stippling denotes statistical significance at the

95% confidence level.

FIG. 15. Schematic illustration of the mechanism for the (a) early to (b) late winter transition of the Euro-Atlantic

circulation anomalies and their possible tropospheric pathways.
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direct ENSO teleconnection with the Euro-Atlantic circu-

lation anomalies in late winter. SEAS5 simulates the Rossby

wave originating from the subtropical SAJET region mod-

ulated by the Indian Ocean; however, the amplitude of the

wave pattern over the northern extratropics including the

North Atlantic sector is underestimated compared to that

of reanalysis. These results have implications for the sub-

seasonal to seasonal predictability of the Euro-Atlantic cir-

culation anomalies, which will be analyzed in detail in future

studies.

We argue that a subseasonal analysis is required for the

detailed understanding of the large-scale variability and pre-

dictability of the regional circulation anomalies, even at in-

terannual time scales. Consistently with earlier studies (e.g.,

King et al. 2018a; Ayarzagüena et al. 2018; Scaife et al. 2017),

we found that instead of averaging over a 3-month (DJF)

season, separating into early and late winter leads to a more

appropriate assessment of the intraseasonal variability of the

Euro-Atlantic circulation anomalies. Finally, the main results

about the role of the Indian Ocean, found in this study with

reanalysis and the ECMWF-SEAS5 reforecasts, could be in-

vestigated further using a multimodel dataset. Extending our

analysis to historical multidecadal simulations may be benefi-

cial for attribution studies linking the recent warming trends in

the Indian Ocean to extreme circulation anomalies over the

Euro-Atlantic region.
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Herceg-Bulić, I., C. Brankovic, and F. Kucharski, 2012: Winter

ENSO teleconnections in a warmer climate. Climate Dyn., 38,

1593–1613, https://doi.org/10.1007/s00382-010-0987-8.

Hitchcock, P., and I. R. Simpson, 2014: The downward influence of

stratospheric sudden warmings. J. Atmos. Sci., 71, 3856–3876,

https://doi.org/10.1175/JAS-D-14-0012.1.

Honda, M., J. Inoue, and S. Yamane, 2009: Influence of low

Arctic sea-iceminima on anomalously cold Eurasian winters.

Geophys. Res. Lett., 36, L08707, https://doi.org/10.1029/

2008GL037079.

Hoskins, B., and D. Karoly, 1981: The steady linear response of a

spherical atmosphere to thermal and orographic forcing.

J. Atmos. Sci., 38, 1179–1196, https://doi.org/10.1175/1520-

0469(1981)038,1179:TSLROA.2.0.CO;2.

Ineson, S., and A. A. Scaife, 2009: The role of the stratosphere in

the European climate response to El Niño.Nat. Geosci., 2, 32–

36, https://doi.org/10.1038/ngeo381.

Jiménez-Esteve, B., and D. I. V. Domeisen, 2018: The tropo-

spheric pathway of the ENSO–North Atlantic teleconnec-

tion. J. Climate, 31, 4563–4584, https://doi.org/10.1175/JCLI-

D-17-0716.1.

Johnson, S. J., and Coauthors, 2019: SEAS5: The new ECMWF

seasonal forecast system. Geosci. Model Dev. Discuss., 12,

1087–1117, https://doi.org/10.5194/gmd-12-1087-2019.
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