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Abstract

The Arctic Oscillation (AO) is a well-known mode that affects climate variabil-

ity in the Northern Hemisphere. The equal-weighed multi-model ensemble

(MME) of six state-of-the-art models from the Copernicus Climate Change Ser-

vice (C3S) and Pusan National University (PNU) was analysed to understand

the wintertime AO performance for the hindcast period December–February
1993/1994–2016/2017. The hindcasts were chosen with lead times of 1 and

4 months with respect to the initialization date (August and November, respec-

tively). The spread of the AO prediction skills of the individual models was sig-

nificant. In general, the MME demonstrates superior skill compared to the

average of single-model skills in representing the AO pattern at lead times of 1

and 4months. The AO-related vertical structure predicted by MME is similar

to the observation, but the upper-level structure is relatively poor compared to

the structure of the hindcasted lower- or mid-level atmosphere. Both observa-

tion and MME indicate that since the mid-1990s, the relationship between the

AO and East Asian winter monsoon (EAWM) has been weak compared to the

connection between the AO and El Niño–Southern Oscillation (ENSO). Simul-

taneously, the North Pacific centre of the AO moved eastward during the

observational period. The MME showed an AO pattern similar to that

observed. The eastward shift of the North Pacific centre of the AO may con-

tribute to deepening the Aleutian low and its effect on the tight AO–ENSO
relation demonstrated in observations and MME. Strong AO–ENSO relations

and weak AO–EAWM connections are found in both observations and MME

model. The observation and MME represent the wave activity flux from 60�N
to the equator in the troposphere; consequently, the wave activity flux may

contribute to the AO and ENSO connection in both observation and MME.
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1 | INTRODUCTION

A recent study suggested that Arctic sea ice or Arctic cli-
mate variability can affect mid-latitude weather/climate
(Cohen et al., 2020). However, most seasonal prediction

models cannot capture such extreme events properly
(Shin and Moon, 2018). Many studies regarding dynami-
cal predictions have focused on tropical ocean variability,
such as the El Niño–Southern Oscillation (ENSO), which
can be forecasted several months ahead and directly
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influences forecast skill through teleconnection with
mid-latitude weather or climate (Palmer et al., 2004; Jin
et al., 2008; Wang et al., 2009; Doblas-Reyes et al., 2013).
Modelling studies have expanded their scope to improve
forecast skills at mid-latitudes by improving the simula-
tion of the Indian Ocean dipole (IOD) and the Madden–
Julian Oscillation (MJO) on a subseasonal to interannual
timescale (Palmer et al., 2004; Doblas-Reyes et al., 2013).

The Arctic Oscillation (AO) is one of the dominant
modes of atmospheric circulation over the Northern
Hemisphere (NH; Thompson and Wallace, 1998; 2000). It
primarily features a large-scale “seesaw” pattern between
the Arctic Basin and the NH mid-latitudes. These pat-
terns can be a signature of the polar vortex strength vari-
ations. The AO is strongly related to surface air
temperature fluctuations over the Eurasian continent
(Thompson and Wallace, 1998; Wang et al., 2005). The
AO is linked to the East Asian winter monsoon (EAWM)
through large-scale circulation, such as the East Asian jet
stream, the Siberian high (SH), and stationary planetary
waves (Gong et al., 2001; Wu and Wang, 2002a; 2002b;
Jeong and Ho, 2005; Park et al., 2010).

Although the AO is connected with the East Asian
winter climate, there are insufficient studies regarding the
AO using operational seasonal prediction models. How-
ever, some efforts have been made to understand AO vari-
ability using climate change scenarios. Zuo et al. (2013)
evaluated the temporal variability and spatial pattern of
the AO simulated in a historical experiment of 26 coupled
climate models participating in the Coupled Model
Intercomparison Project Phase 5 (CMIP5). They reported
that only a few models could reproduce the temporal vari-
ability and spatial structures in both horizontal and verti-
cal directions. Lee et al. (2020) represented the
characteristics of the wintertime AO and the North Atlan-
tic Oscillation (NAO) and their impact on climate variabil-
ity over the NH simulated by a historical dataset using the
Energy Exascale Earth System Model version 1 (E3SM).
The E3SM contributes to the Coupled Model
Intercomparison Phase 6 (CMIP6). They suggested that
the simulated AO and NAO modes have spatial structures
similar to the observed features, but the vertical structures
associated with the AO and the NAO in E3SM exhibit sub-
stantial biases in the lower stratosphere caused by the
strength of the climatological stratospheric polar vortex
and wave activity fluxes. Li et al. (2018) reported the rela-
tionship between the EAWM and the winter AO using his-
torical simulations and future projections under
Representative Concentration Pathway (RCP) 4.5 and 8.5
scenarios from 33 CMIP5 models. They reported that the
observed evaluation of the EAWM–AO relationship could
be reproduced well by coupled models. The link between
the winter AO on the EAWM-related circulation and East

Asian winter temperatures was intensified by the propaga-
tion of stationary planetary waves.

Sun and Ahn (2015) showed the predictability of the
wintertime AO using a coupled model named the Pusan
National University coupled general circulation model
(PNU CGCM) for a 30-year retrospective period. The per-
formance of the model was more than satisfactory in terms
of the spatial distribution and temporal variation of the
AO impact on the NH winter climate. Kang et al. (2014)
assessed the AO prediction skills of six state-of-the-art
dynamical models using both deterministic and probabilis-
tic methods. They reported that most dynamical models
have consistently improved their skill scores for lead times
of up to 2 months during the winter. In addition, they
suggested some possibilities for skilfully predicting the AO
and related climate anomalies on a seasonal timescale.

Motivated by previous studies, we investigate the pre-
diction skill of models for the wintertime AO using the
MME on a seasonal timescale. The data and methods are
introduced in section 2. Section 3 describes the general
performance of the wintertime AO using the MME and
the recent AO–ENSO relationship. Conclusions and dis-
cussion are presented in section 4.

2 | DATA AND METHODS

2.1 | Data

The seasonal forecast data from six prediction systems were
analysed, five from models from the C3S seasonal forecast
and the PNU CGCM database (Table 1). All the models used
in this study provided three-dimensional atmospheric data
for the recent hindcast period. The C3S models used were
from the European Center for Medium-rangeWeather Fore-
cast (ECMWF), United Kingdom Met Office (UKMO),
Météo-France, Deutscher Wetterdienst (DWD), and Euro-
Mediterranean Centre on Climate Change (Centro Euro-
Mediterraneo sui Cambiamenti Climatici, CMCC). The final
of the six models, the PNU CGCM is utilized by the APEC
Climate Center (APCC). The 1- and 4-month lead hindcasts
for the boreal winter seasons (December–February [DJF])
initialized inNovember andAugust were evaluated.

ERA-Interim from the European Center for Medium-
Range Weather Forecasts (ECMWF) (Dee et al., 2009;
2011) and the NOAA Optimum Interpolation (OI) Sea
Surface Temperature (SST) V2 (Reynolds et al., 2007)
were used as observational references. Sea-level pressure,
sea surface temperature, three-dimensional temperature,
zonal wind, and geopotential height were used for the
common hindcast period during 1993–2016 (24 years).
All datasets were interpolated into a grid with a resolu-
tion of 2.5� for both the longitude and latitude.
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2.2 | Methods of analysis

The MME method used in this study is a grand ensemble
mean that arithmetically averages all hindcasts, assuming
that each ensemble member of each model is equally
probable. Many operational centre (e.g., Development of
a European Multimodel Ensemble System for Seasonal-
To-Interannual Prediction [DEMETER], North American
Multi-Model Ensemble [NMME]) use this method to
combine models (Palmer et al., 2004; Kirtman et
al., 2014). The AO index was calculated by projecting the
first empirical orthogonal function (EOF) mode in the
NH (20�–90�N), at a geopotential height of 500 hPa
(Z500), for field anomalies onto the reanalysis and
hindcast data. The AO pattern was obtained by a forecast
of Z500 anomalies regressed onto the AO index for each
model (Kang et al., 2014). The Niño3.4 index is calculated
by the average sea surface temperature anomaly in the
region bounded by 5�S–5�N, 170�–120�W for the observa-
tion and hindcast data. The SH index is defined as the
domain-averaged sea-level pressure at 40�–60�N and 70�–
120�E (Gong et al., 2001). The East Asian trough (EAT)
index is calculated by the Z500 average in 25�–45�N and
110�–145�E. The EAT is closely associated with the
EAWM and cold surge activity (Wang and He, 2012). The
three-dimensional wave activity flux, which represents
the propagation of quasi-stationary Rossby waves, was
estimated using the methodology described by Takaya
and Nakamura (2001). The wave activity flux was used to
analyse the wave propagation in the mean flow associ-
ated with the AO.

3 | RESULTS

3.1 | General performance of
wintertime AO

The AO is characterized by a zonally symmetric pattern
with clear opposite-signed anomalies between the Arctic
and mid-latitude oceans. A negative anomalous centre is

situated over the Arctic, and the two positive anomalous
centres lie over the North Pacific and North Atlantic
(e.g., Thompson and Wallace, 1998; Kang et al., 2014;
Kryzhov and Gorelits, 2015; Sun and Ahn, 2015).
Figure 1a shows the AO pattern from the observations
during DJF 1993/1994–2016/2017. This reveals a zonally
symmetric pattern that is slightly different from the AO
pattern observed in Thompson and Wallace (1998, 2000).
The North Pacific centre leans to the east and the North
Atlantic centre extends zonally from the eastern part of
North America to East Asia. The 1-month lead MME
shows the opposite-orientated anomalies between the
Arctic and mid-latitudes, with a pattern correlation coef-
ficient of 0.68. However, the negative anomaly over the
Arctic is underestimated, and a positive anomaly across
the Eurasian continent is absent (Figure 1b). This may be
because most individual models fail to capture positive
anomalies in the Eurasian continent (Figure 1c–h).

The individual models represent the anomaly correla-
tion coefficient (ACC) within the range of 0.22–0.66 for
the AO indices and pattern correlation coefficient (PCC)
within the range of 0.35–0.74 for the AO patterns for 1-
and 4-month leads (Figure 2), respectively. Although the
three models performed better than the MME for the 1-
month lead, there was a large difference in performance
between the models. Overall, the mean of the single-
model skills is less than that of the MME, indicating that
the general AO performance of the individual model is
inferior to that of the MME. For the 4-month lead, the
skills of individual models except for the ECMWF and
MME decreased compared to the 1-month lead. This sug-
gests that the predictability of AO can be guaranteed up
to a 4-month lead using MME. Nevertheless, MME still
represents superior skill compared to the mean of single-
model skills (Kim et al., 2016; 2021).

Figure 3 shows the zonal mean vertical structures of
the geopotential height, zonal wind, and temperature
anomalies regressed onto the wintertime AO indices for
observation, the 1-month lead MME, and the 4-month
lead MME. The observed geopotential height represents a
meridional tripolar structure, and the zonal winds show

TABLE 1 Summary of models used in this study

Originating centre Model name Subset Resolution (atmos.) Hindcast ensemble size cHindcast period

ECMWF SEAS5 C3S TCO319/L91 25 1981–2016

UK Met Office GloSea5-GC2-LI C3S N216/L85 28 1993–2016

Météo-France Météo-France System 7 C3S TL359/L91 25 1993–2016

DWD GCFS 2.0 C3S T127/L95 30 1993–2017

CMCC CMCC-SPS3 C3S Approx. 0.5� lat-long/L46 40 1993–2016

PNU PNU CGCM 2.0 APCC T42/L18 35 1980–present
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a meridional dipole structure from the surface to the lower
stratosphere. The anomalies reverse near 60�N for geo-
potential height and 40�N for zonal winds. For zonal wind,
the westerly anomalies over the polar region tilt poleward
with height. The negative temperature anomaly over the
polar cap from 500 to 10 hPa was dominant (Thompson
and Wallace, 2000; Zuo et al., 2013; Lee et al., 2020).
Although the magnitudes of all variables for the MME are

smaller than those of the observation, the MME can repro-
duce the AO-related vertical structures for a 1-month lead
relatively accurately. The MME also captures the negative
centre of action for a geopotential height anomaly and
poleward-tilted westerly anomalies at high latitudes. How-
ever, there is a limit to reproducing the anomaly pattern of
the geopotential height in the low- and mid-latitudes of
the stratosphere by MME because most individual models
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FIGURE 1 AO patterns of (a) observation, (b) MME and (c–h) individual models for 1-month lead over the domain poleward of 20�N
during the period DJF 1993/1994–2016/2017. The hatched line indicates the statistical significance at the 95% confidence level using a 2-

tailed Student's t test. The numbers in the top right corner of MME and individual models show the pattern correlation coefficient with the

observation [Colour figure can be viewed at wileyonlinelibrary.com]
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cannot capture the anomaly pattern (Figure S1,
Supporting Information). For the 4-month lead, the mag-
nitudes of all variables are much smaller than those of the
1-month lead of the MME and those of the individual
models (Figures S1–S6). Figure 3d–f show that the
observed maximum westerly anomaly over the tropical
region is located at 30 hPa for the 1-month lead, but at
10 hPa for the 4-month leadMME.

Figure 4a shows the pattern correlation of the meridi-
onal AO structure between the observation and MME at
each pressure level for each lead month. This figure dem-
onstrates the excellent MME prediction of the zonal
mean vertical structure associated with the AO. The
MME reproduces the geopotential height relatively accu-
rately for the 1- and 4-month leads with a statistical con-
fidence level of 95%. The most notable feature of the 4-
month lead geopotential height is that the pattern corre-
lation decreases gradually with height but increases again
above heights of 30 hPa. The pattern correlation of the
MME decreases most significantly with the lead time in
the lower stratosphere (100–50 hPa). In Figure S7, three
models, ECMWF, UKMO, and DWD, exhibit a meridio-
nal structure with a height similar to the observations.
This indicates that the pattern correlation with the 1-
month lead is superior to that of the 4-month lead. Two
of the models, Météo-France and CMCC, show pattern
correlations greater than 0.80 for 1- and 4-month leads at
all pressure levels. PNU has a better pattern correlation
with the geopotential height from the surface to 30 hPa at
the 4-month lead than that of the 1-month lead.

In the case of meridional-pattern of AO for the zonal
wind, the MME performances for the 1- and 4-month
lead were not significantly different but decreased rapidly
at 10 hPa (Figure 4b). In Figure S8, the ECMWF and
Météo-France represent a similar meridional structure
with the height for the 1- and 4-month leads from the
surface to the height of 30 hPa. The pattern correlations
of the other models decrease sharply at heights above 50
hPa for both the 1- and 4-month leads.

In Figure 4c, the meridional-pattern correlation for
temperature between the observation and the 4-month
lead fluctuates more than the other variables. The pattern
correlation of the MME is low in the lower troposphere,
but it increases rapidly at a height of 500 hPa for both
lead times. The pattern correlation for the 1-month lead
remains relatively steady but is unstable for the 4-month
lead MME. The maximum difference in the correlation
for temperature is 0.89 at a height of 100 hPa.

Although there are differences depending on the vari-
ables, the overall 1-month forecast AO-pattern represen-
tation was superior to the 4-month performance. The
performance of the geopotential and zonal wind showed
that it is quite predictable even in the 4-month lead pre-
dictions using the MME. The CMCC showed a larger pat-
tern correlation coefficient than other models for both 1
and 4months, and it was relatively constant compared to
the other models between the heights of 400 and 30 hPa
(Figure S9). According to Portal et al. (2021), the CMCC
performs comparably to a model with a far more resolved
stratosphere.

FIGURE 2 Scatter plot of anomaly correlation coefficient of AO indices and pattern correlation coefficient of AO patterns between

observation and MME (red closed circle), individual models (crosses) and mean of single-model skills (mean; blue open circle with dot). The

vertical grey dashed line indicates the statistical significance at the 95% confidence level using the 2-tailed Student's t test [Colour figure can

be viewed at wileyonlinelibrary.com]
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FIGURE 3 Vertical structure of the zonal mean (top) geopotential height (unit: m), (middle) zonal wind (unit: m�s−1), and (bottom)

temperature (unit: K) regressed on the (a, d, g) observed AO index and (b, e, h) 1-month lead and (c, f, i) 4-month lead MME AO index. The

hatched line indicates statistical significance at the 95% confidence level using the 2-tailed Student's t test [Colour figure can be viewed at

wileyonlinelibrary.com]
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3.2 | AO–EAWM and AO–ENSO
relationships

The AO is strongly connected to the SH and the EAT,
which, in turn, affects the EAWM (Thompson and Wal-
lace, 2000; Gong et al., 2001; Wu and Wang, 2002a;
Gong and Wang, 2003). Furthermore, the relationship
between the AO and ENSO has been studied recently
(Chen et al., 2014; Li et al., 2014; Chen et al., 2018). The
11-year moving correlation coefficient between the AO
index and SH, EAT, and negative Niño3.4 indices of
observation, as well as MME for 1- and 4-month leads
during DJF 1993/1994–2016/2017, are illustrated in Fig-
ure 5. SH and EAT were chosen as indices that represent
the EAWM. During DJF 1993/1994–2016/2017, the
observed AO–SH relationship was weak and the correla-
tion between the AO and the EAT negatable. However,
the AO–ENSO relationship was more significant than
that of the EAWM correlation. These features are incon-
sistent with those of previous studies (e.g., Gong et
al., 2001; Wu and Wang, 2002a; 2002b; Park et al., 2010;
Jeong et al., 2017). Although the MME highlighted that
since the mid-1990s, the AO–EAWM relationship is
weaker than that of AO–ENSO, the correlation with
AO–ENSO is much stronger for both 1- and 4-month
leads than that of the observation. Furthermore, the
AO–EAT correlation for the 4-month lead contrasts with
that of the observation.

Figure 6a shows the regressed field of the sea-level
pressure on the observed negative AO index. The nega-
tive AO phase is associated with a large-scale seesaw
between the positive Arctic and negative mid-latitude sea
level pressure. Negative sea-level pressure is located in
the North Pacific and North Atlantic, and the centre of
the North Pacific indicates deep Aleutian low pressure.
East Asia is strongly influenced to the EAWM during
winter, as represented by the robust SH over the Asian
continent and the strong Aleutian low to its east (Chen et
al., 2000; Shin and Moon, 2018; Kim et al., 2019). How-
ever, during DJF 1993/1994–2016/2017, the positive SH
phase corresponded to positive sea-level pressure in the
Siberian region only. The regression in Figure 6d does
not show deepening of the Aleutian low. The ENSO-
related sea-level pressure (Figure 6g) indicates a strong
Aleutian low, similar to the regressed field on the nega-
tive AO index. For the MME, the negative AO index cor-
responds to positive Arctic and negative mid-latitude sea-
level pressure, but the magnitude of positive sea-level
pressure in the Arctic is weaker than that observed and
disappears as the lead month increases. In contrast, nega-
tive sea-level pressure, which is related to the Aleutian
low, was maintained with the 4-month lead (Figure 6b,c).
The regressed pattern on the positive SH in the MME
overestimates the east–west pressure gradient over the
Pacific (Figure 6e,f). Although the magnitude was weaker
over time, the regressed MME field on the positive ENSO

FIGURE 4 Correlation as a function of the pressure level between observation and MME for 1- and 4-month leads for zonal mean (a)

geopotential height, (b) zonal wind, and (c) temperature, respectively. The grey dashed lines indicate that the estimated score is significant at

a 95% confidence level using the 2-tailed Student's t test [Colour figure can be viewed at wileyonlinelibrary.com]
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reproduced the observed fields, which showed a deepen-
ing Aleutian low (Figure 6h,i).

The observed low-level wind associated with the neg-
ative phase of the AO is characterized by cyclonic circula-
tion in the North Pacific and is closely related to the
Aleutian low. This low-level wind field in the North
Pacific is more similar to the ENSO than the SH. The
ENSO-like sea surface temperature pattern corres-
ponding to the negative AO index is more similar to the
ENSO than to the SH (Figure 7a,d,g). Furthermore, in
the MME from 1- to 4-month leads, both the low-level
wind and sea surface temperature associated with a nega-
tive AO index resemble the ENSO-related pattern similar
to that observed. In contrast, the SH-related MME fields

MME for low-level wind and sea surface temperature are
opposite to those of the negative AO phase (Figure 7b–d,
e,f,h,i), as reproduced in most models except for the
CMCC (Figure S10).

The enhancement of the Aleutian low coincides with
both the negative AO- and ENSO-related Z500 fields. The
negative AO further generates a strong trough in the
Siberian region. In contrast, the Z500 field associated
with SH indicated a strengthening of the EAT (Figure 8a,
d,g). The MME reproduces negative AO- and ENSO-
related geopotential fields at a height of 500 hPa with rel-
ative accuracy until the 4-month lead, which is character-
ized by the deepening of the Aleutian low (Figure 8b,c,h,
i). In contrast, the MME represents a strong EAT and

FIGURE 5 The 11-year moving correlation coefficient between AO and SH (green dashed line), AO and EAT (blue dashed line), and

AO and negative Niño3.4 (Niño3.4, orange solid line) for (a) observation and MME for (b) 1-month and (c) 4-month leads during the period

DJF 1993/1994–2016/2017. The grey solid lines indicate that the estimated score is significant at 95% confidence level using the 2-tailed

Student's t test [Colour figure can be viewed at wileyonlinelibrary.com]
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weak Aleutian low associated with SH compared to that
of the observation (Figure 8e,f).

As shown in Figure 7a–c, the AO and ENSO are
strongly connected to the Aleutian low. According to Li
et al. (2014), the strengthened link between the negative
AO and Aleutian Low may help establish a closer rela-
tionship between the negative AO and ENSO. Figure 9

characterizes the vertical structure of the composite wave
activity flux differences and that of the stream function in
both the observations and MME to determine the mecha-
nism by which waves propagate via negative AO near the
Aleutian low (Figure 9). The wave activity flux and
stream function were zonally averaged over the North
Pacific (160�E–120�W). A positive (negative) AO is
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FIGURE 7 Same as Figure 6 but for sea surface temperature (unit: �C) and 925 hPa wind vector (unit: m�s−1) [Colour figure can be

viewed at wileyonlinelibrary.com]
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FIGURE 8 Same as Figure 6 but for Z500 (unit: m) [Colour figure can be viewed at wileyonlinelibrary.com]
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defined as greater (less) than the 0.5 (−0.5) AO index
standard deviations. In this observation, the stream func-
tion has a meridionally tripolar structure from the sur-
face to the lower stratosphere, with a negative stream-
function anomaly located over the tropics and Arctic and
a positive stream function anomaly over the mid-lati-
tudes. The vertical wave activity flux was superimposed
over the stream function. The vertical wave activity flux
indicates that the wave train originates from 60�N and
spreads to the tropics and the Arctic. The wave activity
flux was most active in the mid-latitudes, where the
Aleutian Low was located. The pattern of the wave activ-
ity flux may be a factor contributing to AO and ENSO
linkages at mid-latitudes. The MME for the 1-month lead
represents the vertical tripolar structure of the stream
function anomaly, but it fails to capture the maximum
centre at 10 hPa over mid-latitudes. For the 4-month
lead, the MME reversely shows the stream function
anomaly 30 hPa above mid-latitude. The MME repro-
duces the pattern of the wave activity flux from 60�N to
the tropics only in the troposphere, but the magnitude
weakens during the 4-month lead. In addition, the MME
for both the 1- and 4-month leads cannot present wave
activity flux pattern from 60�N to the Arctic.

4 | DISCUSSION AND
CONCLUSIONS

The purpose of this study is to understand the seasonal
prediction skill of AO in terms of Z500 using 1- and 4-
month lead MME. The MME consisted of five C3S

models and the PNU CGCM for the winter seasons for
1993/1994–2016/2017.

A large-scale seesaw pattern characterizes the AO,
consisting of a negative Arctic Basin centre and two posi-
tive anomalous centres over the North Pacific and North
Atlantic. The recent AO is slightly different from the pat-
tern described in Thompson and Wallace (1998, 2000).
The difference regards observations indicating North
Pacific centre movement to the east. The ability of the
MME to predict the AO index and represent the AO pat-
tern for the same period generally decreases with the
forecast lead time. Although some models perform better
than the MME, the MME performs better than the arith-
metic mean of single-model skills. In addition, the MME
reproduces the zonally symmetric and barotropic vertical
structures of geopotential height and zonal wind associ-
ated with AO relatively accurately, but the correlation
decreases in the upper level, and its value decrease with
forecast lead time.

In general, it is known that the AO is related to the
EAWM (e.g., Gong et al., 2001; Wu and Wang, 2002a;
2002b; Park et al., 2010; Jeong et al., 2017). In contrast,
the weak AO–EAWM relationship and strong AO–ENSO
connection are demonstrated during the DJF 1993/1994–
2016/2017 in both the observation and MME, which are
not consistent with previous studies (Gong et al., 2001;
Wu and Wang, 2002a; 2002b; Park et al., 2010; Jeong et
al., 2017).

Li et al. (2014) reported that the AO–ENSO relation-
ship has strengthened recently. Strong AO–ENSO rela-
tionships and weak AO–EAWM connections were found
during DJF 1993/1994–2016/2017 in both observations

FIGURE 9 Vertical structure of composite difference of zonal mean WAF (vectors; m2�s−2) and stream function (shading; m2�s−2) over
160�–120�W between positive (>0.5σ) and negative (<−0.5σ) AO for (a) observation and MME for (b) 1-month and (c) 4-month lead during

the period of DJF 1993/1994–2016/2017 [Colour figure can be viewed at wileyonlinelibrary.com]
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and the MME. The observations and the MME represent
the active pattern of the wave activity flux from 60�N to
the equator in the troposphere, so the wave activity flux
may contribute to the connection between AO and ENSO
in both observations and the MME. After the mid-1990s,
significant in-phase correlation between the negative AO
and Aleutian low (Li et al., 2014) and the in-phase rela-
tionship between ENSO and the Aleutian low (Li et
al., 2014; Soulard et al., 2019) may have contributed to
the close relationship between AO and ENSO (Li et
al., 2014). The Aleutian low is strong in AO- and ENSO-
related sea-level pressure, and the SH-related sea-level
pressure is dissimilar to the AO impact. A strong
Aleutian low was also found in the regressed field of the
Z500, sea surface temperature, and 925 hPa wind. A
strong AO–ENSO relationship was observed in both the
observation and MME, and the AO–SH relationship
appeared to persist in the MME prediction. This study is
limited because of a short hindcast period; consequently,
further study will be needed using a longer period to
obtain more robust results.
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