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Abstract

This study reveals that the persistence of North Atlantic Oscillation (NAO)

during boreal winter is closely linked to the phase of the Quasi-Biennial Oscil-

lation (QBO) at 30 hPa for the period 1958–2020. Our results show that the

early winter (i.e., November–December) NAO signal tends to persist into

the subsequent January in the easterly phase of the QBO (EQBO). However, in

the westerly phase of the QBO (WQBO) there is hardly connection between

the early winter and the subsequent January NAO signals. Further analysis

suggests that there is stronger stratosphere–troposphere connection and stron-

ger amplitude of the NAO during the early winters of the EQBO compared to

those of the WQBO. A stronger NAO in the EQBO tends to induce enhanced

positive feedback of air–sea interaction, which may contribute to a prolonged

signal of the NAO. Specifically, significant surface heat flux anomalies over the

high-latitude and subtropical regions of North Atlantic induced by a stronger

early winter NAO may trigger a tripolar pattern of anomalous sea surface tem-

perature in the North Atlantic in the subsequent January. And this anomalous

SST pattern may have a feedback on the atmosphere to strength the anoma-

lous NAO by changing the atmospheric baroclinicity and synoptic eddy activi-

ties. In contrast, the NAO in the early winters of the WQBO tends to have a

weaker amplitude and be confined to the troposphere. This weaker NAO is

shown to induce a weaker air–sea interaction in the North Atlantic, and tends

not to favour a prolonged NAO.
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1 | INTRODUCTION

The North Atlantic Oscillation (NAO) is the dominant
mode of the atmospheric variability over the North Atlan-
tic region. It is characterized by a north–south dipole

pattern of height anomalies, with one centre located over
the Greenland–Iceland region and the other over the mid-
latitudes of the North Atlantic (Hurrell, 1995; Hurrell and
Van Loon, 1997). Previous studies have documented that
the NAO can influence the climate in the North Atlantic
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coastal regions, such as the North America, the Europe,
and the North Africa (Barnston and Livezey, 1987;
Rogers, 1997; Wibig, 1999; Wanner et al., 2001; Ning and
Bradley, 2016).

The NAO varies at various time scales including
intraseasonal and interannual variations (Hurrell and
Van Loon, 1997; Wanner et al., 2001). In particular, the
NAO exhibits variability of prolonged periods (several
months) which may cause persistent climate anomalies.
For example, Ogi et al. (2003) revealed that summer
atmosphere circulation could be influenced by the previ-
ous winter NAO, and the external forcing including sea
surface temperature (SST) and continental snow cover
was suggested to play a key role in connecting the atmo-
spheric internal variability during different seasons. Wu
and Chen (2020) presented that the sustained SST anom-
alies in the North Atlantic facilitated the persistence of
the NAO from winter to the subsequent spring. Liu and
He (2020) also reported that the NAO in early winter had
a delayed effect on European precipitation anomalies in
the following February after the late 1980s.

Previous studies have shown that anomalous atmo-
spheric circulation in the stratosphere may have strong
impacts on the NAO (e.g., Chen and Zhou, 2012; Kidston
et al., 2015; Lu et al., 2020). Baldwin and Dunkerton (1999,
2001) revealed that the stratospheric anomalous Northern
Annular Mode (NAM) signal could propagate downward
into the troposphere. Ambaum and Hoskins (2002) indi-
cated that the stratosphere potential vorticity (PV) could
modulate the height of tropopause and account for part of
the NAO variability. Graf and Walter (2005) and Walter
and Graf (2005) found that the changes in stratospheric
polar vortex could modulate the spatial pattern of the
NAO and the associated air–sea coupling processes.
Although the mechanisms by which the stratospheric cir-
culation affects the NAO are not fully resolved, some
model results have suggested that the prediction skill of
the NAO could be improved by considering the
stratosphere–troposphere coupling progress (e.g., Scaife
et al., 2005; Douville, 2009; Ineson and Scaife, 2009; Nie
et al., 2019a; Domeisen et al., 2020).

The Quasi-Biennial Oscillation (QBO) is the dominant
mode of the tropical stratospheric variability on interann-
ual time scales, which is characterized by the alternative
downward propagation of easterly and westerly winds in
the equatorial stratosphere with a period of approximately
28 months (Baldwin et al., 2001; Wei et al., 2007; Rao
et al., 2020; Ma et al., 2021; Cai et al., 2022). Although the
QBO is a phenomenon in the tropical stratosphere, it can
influence climate and weather in the troposphere. In par-
ticular, the QBO can cause a NAO-like surface level pres-
sure (SLP) anomaly in the North Atlantic region by
affecting the polar vortex in the stratosphere (Baldwin

et al., 2001; Marshall and Scaife, 2009; Anstey and
Shepherd, 2014; Gray et al., 2018). The stratospheric polar
vortex tends to shift toward the Eurasian continent during
the easterly QBO phase than that during the westerly
QBO phase (Zhang et al., 2019). The QBO could also be
associated with the temperature and precipitation anoma-
lies over the Eurasian (Liang et al., 2012; Xue et al., 2015;
Song and Wu, 2020).

Previous studies mainly focused on the modulation of
the QBO on the phase of the NAO. However, it seems
that there is no study to examine the connection between
the QBO and the persistence of the NAO so far. In this
study, we will show that the early winter
(i.e., November–December) NAO signal tends to persist
into the following January in the easterly phase of the
QBO (EQBO) than in the westerly phase of the QBO
(WQBO). The rest of this paper is structured as follows.
Section 2 describes the datasets and methods. In section 3,
the connection between the QBO and the NAO persis-
tence is presented. Possible physical mechanisms are
explored in section 4. In section 5, a summary and a con-
cise discussion are provided.

2 | DATA AND METHODS

2.1 | Datasets and indices

In this study, we use the monthly atmospheric variables
from the ERA5 reanalysis dataset (Hersbach et al., 2020).
We also repeated the analysis using the NCEP-NCAR
and JRA55 reanalysis, and the obtained results are highly
consistent with those of the ERA5 (figures not shown).
The SST variations are monitored using the monthly
Hadley Centre Global Sea Surface Temperature (HadSST)
data (Rayner et al., 2003). The monthly Niño3.4 index
and NAO index are obtained from the National Oceanic
and Atmospheric Administration (NOAA) Climate Pre-
diction Center. The Niño3.4 index is defined as the aver-
age equatorial SST anomalies over 5�S–5�N, 170�–120�W.
The NAO is the leading mode over the North Atlantic
region. A strong (weak) NAO is defined if the absolute
value of early winter NAO index is larger (less) than
1 standard deviation (SD).

The QBO data provided by the Free University of Ber-
lin are used in this study. This dataset is produced by
combining the observations from three radiosonde sta-
tions near the equator: Canton Island, Gan/Maldives,
and Singapore. We employ the definition of the QBO
index as the zonal wind at 30 hPa (Andrews et al., 2019;
Labe et al., 2019). A WQBO (an EQBO) is identified when
the QBO index is larger (less) than zero. If the QBO index
changes its sign in a given winter, that winter will not be
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classified as EQBO or WQBO. During the analysis period
(1958–2020), only the 1969 winter has a phase change in
the QBO index. It should be noted that in this study we
only analyse the winters with neutral El Niño–Southern
Oscillation (ENSO) conditions (Table 1) to exclude possi-
ble interferences from the ENSO, since the ENSO has

impacts on both the stratospheric polar vortex and the
tropospheric circulation anomalies over the North
Atlantic–European region (Hoskins and Karoly, 1981;
Chen et al., 2003; Garfinkel and Hartmann, 2008;
Cheung et al., 2012; Jia et al., 2015; Jimenez-Esteve and
Domeisen, 2018; Domeisen et al., 2019). The neutral

TABLE 1 Distribution of the

WQBO and the EQBO years in the

neutral ENSO conditions, total numbers

of high solar activity (hs) years and low

solar activity (ls) years in each QBO

group

Years

Total numbers of years

HS LS

WQBO 1959hsweak;1961str;1963
ls
str;1966weak;1971weak;

1977weak;1978hsweak;1980
hs
weak;1985

ls
weak; 1987

ls
weak;

1990hsweak;1992weak;2001
hs
weak;2004weak;2008

ls
weak;

2013weak;2016lsweak;2018
ls
weak

5 6

EQBO 1958hsweak;1960weak;1962
ls
str;1967

hs
weak;

1968hsstr;1970str;1974
ls
weak;1976

ls
weak;

1979hsweak;1981
hs
weak;1983

ls
weak;1989

hs
weak;

1993str;1995lsstr;1996
ls
str;2000

hs
weak;2003weak;

2005lsweak;2011str;2012weak;2014str;2017
ls
weak

7 8

Note: Superscript of hs (ls) indicates a year with high (low) solar activity. If the early winter averaged
sunspot number is larger (less) than 0.5 SD, then the year is defined as high (low) solar activity. Subscript of

str(weak) indicates a year with the strong (weak) NAO. If the absolute value of early winter averaged NAO
index is larger (less) than 1 SD, then the year is defined as strong (weak) NAO.
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FIGURE 1 Regression patterns

of SLP anomalies (shading, unit: hPa)

against the normalized early winter

NAO index in the simultaneous early

winter (a) and the subsequent

January (b) for all neutral ENSO

years. (c, d) and (e, f) Same as (a, b)

but for the WQBO winters and the

EQBO winters, respectively. Blue

hatched regions indicate anomalies

significant at the 90% confidence level

[Colour figure can be viewed at

wileyonlinelibrary.com]
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ENSO winters are identified when the absolute value of
the normalized Niño3.4 index is less than 1 SD
(Nishimoto and Yoden, 2017; Song and Wu, 2020). The
present study focuses on the period of 1958–2020 when
the QBO data are available. The early winter refers to
months of November and December.

Several studies have revealed that the impacts of QBO
on the extratropics could be modified by the solar cycle
(Labitzke, 1987; Naito and Hirota, 1997). The sunspot
number data are used to monitor the solar cycle, which
are obtained from the World Center for Sunspot Index
and Long-term Solar Observation, Royal Observatory of
Belgium, Brussels. A high (low) solar activity year is iden-
tified when the early winter averaged sunspot number is

larger (less) than 0.5 (−0.5) SD. From Table 1, the WQBO
and EQBO winters in this study do not have a strong bias
against the solar activity.

In order to analyse roles played by the stratospheric
process and the North Atlantic SST, the stratospheric
polar vortex (SPV) index is defined by using the 50 hPa
zonal averaged zonal winds along 60�N. And the North
Atlantic tripolar surface net heat flux (NHF) index is
defined as the surface net turbulent heat flux anomalies
averaged over mid-latitudes North Atlantic (35�–45�N,
45�–35�W) minus the sum of the surface net turbulent
heat flux anomalies averaged over North Atlantic
subtropics (20�–25�N, 30�–20�W) and high latitudes
(55�–65�N, 40�–20�W).

TABLE 2 The correlation coefficients between the early winter (November–December-averaged) NAO indexes and those in the

following January during WQBO and EQBO

Years

Correlation coefficients

NAO(ND) and
NAO(J + 1)

Strong_NAO(ND) and
Strong_NAO(J + 1)

Weak_NAO(ND) and
Weak_NAO(J + 1)

Total (40) (10) (30)

WQBO 0.15 (18) (2) −0.04 (16)

EQBO 0.45* (22) 0.79* (8) −0.19 (14)

Note: Asterisk (*) indicates that the correlation coefficient exceeds the 95% confidence level. The sample sizes are represented in the brackets.
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FIGURE 2 Regression patterns of

surface temperature anomalies (shading,

unit: �C) and surface winds anomalies

(vectors, unit: m�s−1) against the
normalized early winter NAO index in the

simultaneous early winter (a) and the

subsequent January (b) for all neutral

ENSO years. (c, d) and (e, f) Same as (a, b)

but for the WQBO winters and the EQBO

winters, respectively. Blue hatched regions

indicate anomalies significant at the 90%

confidence level. Only anomalous winds

that exceed the 90% confidence level are

shown as arrows [Colour figure can be

viewed at wileyonlinelibrary.com]
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2.2 | Dynamical diagnostics

2.2.1 | Eady growth rate

The maximum Eady growth rate (EGR) is calculated to
measure the atmosphere baroclinicity which follows Val-
lis (2017):

σE=0:3098
j f j ∂u

∂z

���
���

N
:

Here, N is the Brunt–Väisälä frequency, g is the accel-
eration of gravity, u is the zonal wind, and f is the Corio-
lis parameter.

2.2.2 | Transient eddy feedback in terms of
geopotential tendency

The geopotential height tendency is a quantitative indica-
tor to measure the feedback effect of high frequency tran-
sient eddies on the mean flow. The synoptic-scale eddy
generated geopotential height tendency can be written as
follows (Lau, 1988; Cai et al., 2007):

F=
f
g
r−2 −r� V 0ζ0ð Þ

h i
,

where g and f represent the acceleration of gravity and
the Coriolis parameter, respectively. ζ0 and V 0 denote the
perturbations of synoptic scale vorticity and horizontal
winds. Here, we refer to synoptic scale eddies when
atmospheric variables are subjected to a 2–8 day band-
pass Lanczos filter (Duchon, 1979).

Active regions of synoptic scale disturbances (known as
storm tracks) are located mainly over the North Pacific and
the North Atlantic (Blackmon, 1976). Storm tracks can
interact with mid-latitude low-frequency atmosphere vari-
ability such as the NAO (Limpasuvan and Hartmann, 1999;
2000; Yin, 2005; Riviere and Orlanski, 2007; Luo
et al., 2010). In this study, the activity of storm track is
represented by the variance of the 2–8 day bandpass filtered
200-hPa geopotential height anomaly (Chen et al., 2020;
Ma et al., 2020).

3 | PERSISTENCE OF
ANOMALOUS NAO IN DIFFERENT
PHASES OF THE QBO

We first revisit the persistence of the anomalous NAO
from boreal early winter to the following January. As
shown in Figure 1a, the regression pattern of anomalous
SLP on the NAO index in early winter is characterized by
an enhanced Iceland Low and an enhanced Azores High.
This anomalous NAO generally persists into the follow-
ing January although the Iceland centre is slightly shifted
eastward (Figure 1b), which is consistent with previous
studies (He et al., 2019; Liu and He, 2020). However, the
persistence of anomalous NAO tends to be quite different
when the early winters are stratified into the EQBO and
WQBO winters. The results indicate that the early winter
NAO anomaly can hardly persist into the following
January in the WQBO winters (Figure 1c,d). In contrast,
Figure 1e,f indicate that the early winter NAO anomaly is
more likely to be maintained until the following January
in the EQBO winters. Moreover, the spatial pattern
of NAO in early winter exhibits different features
between the EQBO and WQBO winters (Figure 1c,e).

30°N

(a) (b)

(c) (d)

(e) (f)

60°N 90°N 30°N 60°N 90°N

30°N 60°N 90°N 30°N 60°N 90°N

30°N 60°N 90°N 30°N 60°N 90°N

FIGURE 3 Same as in Figure 1, but for the geopotential height

anomalies (shading, unit: m) averaged over the North Atlantic for

90�W–30�E [Colour figure can be viewed at

wileyonlinelibrary.com]
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The northern centre of NAO is stronger in the EQBO
than the WQBO winters. And the NAO pattern shows a
more latitudinal extension in the EQBO winters com-
pared with the WQBO winters (Figure 1c,e). The above
results are robust when we slightly alter the threshold
values used to define EQBO and WQBO (figures not
shown). The results of correlation analysis are also con-
sistent with the above results (Table 2). The correlation
coefficients between the NAO indices in early winter
and the following January are 0.45 (exceeding the 95%
confidence level) during EQBO and 0.15 (not exceeding
the 95% confidence level) during WQBO, respectively.
In brief, the QBO may modulate the persistence of the
anomalous NAO in boreal early winter with its signal
into the subsequent January only in the EQBO.

We next examine the impacts of the early winter
NAO on surface air temperature (SAT) over the land of
North Atlantic Rim regions during early winter and the
subsequent January. Figure 2a shows the conventional
regression pattern of SAT onto the NAO index in early

winter with cold anomalies over Greenland and North
Africa and warm anomalies over the eastern United States
and the western Europe. Figure 2b then shows that those
anomalies over the western Europe and North Africa tend
to persist into the subsequent January. However, the early
winter simultaneous SAT anomalies induced by the NAO
tend to be much weaker in the WQBO years (Figure 2c)
than the EQBO years (Figure 2e). And related to this, the
subpolar anomalous cyclone and the anomalous anticy-
clone over the subtropics tend to be much weaker in the
WQBO years (Figure 2c) than the EQBO years (Figure 2e),
which induce those SAT anomalies via warm/cold advec-
tions. In addition, in the subsequent January, there tends
to have hardly any significant SAT anomalies associated
with the early winter NAO in the WQBO years
(Figure 2d). But in the EQBO years, those SAT anomalies
are very significant, especially for the warm anomalies
over the western Europe and the cold anomalies over
North Africa (Figure 2f). The reason is that there tends to
be a much stronger anomalous anticyclone in January
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FIGURE 4 Regression patterns of the

early winter (a) storm tracks (shading,

unit: m) and (b) geopotential height

tendency at 300 hPa induced by high-

frequency transient eddies (shading, unit:

m�day−1) against the simultaneous

normalized NAO index for all neutral

ENSO years. (c, d) and (e, f) Same as (a, b)

but for the WQBO winters and the EQBO

winters, respectively. Blue hatched regions

indicate anomalies significant at the 90%

confidence level [Colour figure can be

viewed at wileyonlinelibrary.com]
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during EQBO than WQBO (Figure 2d,f), which leads to
warm advection to the western Europe and cold advection
to the North Africa. Therefore, the persistence of the SAT
anomalies associated with the early winter NAO into the
subsequent January is predominately in the EQBO
winters.

4 | POSSIBLE MECHANISMS

4.1 | Coupling of the NAO with
stratosphere in early winter

The amplitude of early winter NAO tends to be larger in
the EQBO than the WQBO winters (Figure 1c,e). As
shown in Table 2, in the total of 10 strong NAOs,
8 occurred in the EQBO winters and only 2 occurred in
the WQBO winters. During the EQBO winters, the corre-
lation coefficient between the early winter strong NAO
index and the following January NAO is 0.79 (exceeding

the 95% confidence level). However, the relationship
between the early winter weak NAO and the following
January NAO is weak under both phases of the QBO.
Therefore, the larger amplitude of NAO is closely linked
with the stronger persistence of the NAO during the
EQBO winters. In addition, the amplitude of the NAO
may be related to the coupling of the NAO with the
stratospheric circulation as suggested by Kuroda (2007).
Here we further examine the vertical structure of geopo-
tential height anomalies averaged over the North Atlantic
associated with the NAO index in early winter (Figure 3).
As shown in Figure 3a, the regression pattern of anoma-
lous geopotential height on the NAO index in early win-
ter is characterized by a meridional dipole nearly in the
entire troposphere and stratosphere with increased and
decreased height around 40�N and 65�N, respectively.
This feature has been referred to the Northern Annular
Mode (NAM; Thompson and Wallace, 2000). And this
meridional dipole pattern tends to persist into the follow-
ing January, although its vertical extension becomes
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FIGURE 5 Regression patterns of

(a) the early winter net turbulent heat

flux anomalies (shading, unit: W�m−2)

together with surface winds anomalies

(vectors, unit: m�s−1) and (b) the SST

anomalies (shading, unit: �C) in the

subsequent January against the

normalized early winter NAO index for

all neutral ENSO years. (c, d) and (e, f)

Same as (a, b) but for the WQBO winters

and the EQBO winters, respectively.

Blue hatched regions indicate anomalies

significant at the 90% confidence level.

Only anomalous winds that exceed the

90% confidence level are shown as

arrows. Pink boxes in (a) denote the

areas employed to define the early

winter NHF index [Colour figure can be

viewed at wileyonlinelibrary.com]
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lower (Figure 3b). Further analysis indicates that this
anomalous NAM shows different characteristics after the
early winters are stratified into the EQBO and WQBO
winters. The high-latitude centre of the NAM tends to be
mainly confined in the troposphere during WQBO
(Figure 3c), and the anomalous NAM's signal nearly dis-
appears in the following January (Figure 3d). In contrast,
the vertical structure of the NAM exhibits a stronger con-
nection to the stratosphere and tends to be maintained
till the following January during EQBO (Figure 3e,f).
Thus, it is suggested that larger amplitude and stronger
persistence of the NAO during EQBO may be closely
associated with a stronger connection between the tropo-
spheric and the stratospheric circulation.

4.2 | Roles of high-frequency transient
eddies in early winter

Previous studies have indicated that the storm track
over the North Atlantic can interact with low-frequency

atmospheric variability such as the NAO (Limpasuvan and
Hartmann, 1999; 2000; Yin, 2005; Riviere and
Orlanski, 2007; Luo et al., 2010). Again, we further examine
the interaction between the NAO and high-frequency tran-
sient eddies as shown in Figure 4a,b. The regressed pattern
of storm tracks on the early winter NAO index shows that
the high-frequency eddies tend to be decreased over Green-
land and increased over the mid-latitudes of North Atlantic,
respectively (Figure 4a). These eddy anomalies may in turn
lead to the height tendency anomalies similar to a positive
NAO pattern (Figure 4b) and thereby enhance the ampli-
tude of NAO variability.

Further comparison of the EQBO with WQBO win-
ters indicates that the early winter NAO tends to be
related to a stronger storm track activity during EQBO
(Figure 4c,e). And stronger storm track activities may
lead to enhanced geopotential height tendency anomalies
in the EQBO winters than the WQBO winters (Figure 4d,
f). The above results imply a stronger positive feedback
between the transient-eddies and the low-frequency NAO
during EQBO than WQBO. Thus, the enhanced feedback
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FIGURE 6 Same as in Figure 4, but for

the sensible heat net flux anomalies (left;

shading, unit: W�m−2) and the latent heat net

flux anomalies (right; shading, unit: W�m−2)

[Colour figure can be viewed at
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from the transient eddies may contribute to the larger
amplitude of NAO variability in the EQBO winters, too.

4.3 | Roles of the North Atlantic SST
anomalies

As an atmospheric internal variability, the NAO is char-
acterized by short memory less than 1 month (Hurrell
and Van Loon, 1997; Czaja and Frankignoul, 2002; Ogi
et al., 2003). And longer memories of the NAO have been
suggested to be related to the SST anomalies with a typi-
cal tripolar pattern (Qiao and Feng, 2016; Feng
et al., 2018; He et al., 2019). Hence, the changes in North
Atlantic SST anomalies in early winter are examined in
this study. Figure 5 presents the regression map of sur-
face turbulent heat flux anomalies, surface winds anoma-
lies, and the SST anomalies upon the NAO index during
all neutral ENSO years, the EQBO and WQBO years.
More specifically, the surface turbulent heat flux anoma-
lies can be decomposed into four components: the surface
latent heat flux (LHF), the sensible heat (SHF), the short-
wave radiation (SWR), and the longwave radiation
(LWR). In response to the anomalous surface winds asso-
ciated with the NAO, the negative heat flux anomalies
are observed over south of the Iceland and the subtropi-
cal North Atlantic and the positive heat flux anomalies
are observed over mid-latitudes of the North Atlantic
(Figure 5a). The positive (negative) net turbulent heat
flux anomalies means their directions are downward
(upward) and warming (cooling) the local SST. Such
tripolar pattern of heat flux anomalies tend to induce
a tripolar SST anomalies in the following January
(Figure 5b). The surface wind anomalies and correspond-
ing surface turbulent heat flux anomalies associated with
the NAO tend to be stronger in the EQBO years
(Figure 5e) than the WQBO years (Figure 5c).

Figure 6 shows the LHF and SHF anomalies under
different conditions. The anomalous northwesterly winds
over the southern Greenland bring colder and dryer Arc-
tic air to the south (Figure 5a), which tend to enhance
the difference in temperature and humidity between air
and sea surface and induce negative SHF and LHF anom-
alies in the south of Iceland (Figure 6a,b). And the nega-
tive LHF anomalies in the subtropical North Atlantic are
induced by the anomalous northeasterly winds via
increasing the surface wind velocity (Figure 6b). In addi-
tion, anomalous southwesterly winds tend to bring
warmer and moister air to the north, which can cause
positive SHF and LHF anomalies in the mid-latitudes of
the North Atlantic (Figure 6a,b). However, the SHF and
LHF anomalies in the regions mentioned above tend to
be stronger and more significant during EQBO than

those during WQBO. More specifically, there tends to be
observed a stronger and wider anomalous SHF over the
south of Iceland and mid-latitudes of the North Atlantic
and a stronger and clearer tripolar pattern of anomalous
LHF over the North Atlantic during EQBO (Figure 6c–f).

To better illustrate the difference in the regression
pattern of the net turbulent heat flux under EQBO
and WQBO, we further examined the area-averaged
regression coefficients in the three areas (the northern

FIGURE 7 Regression coefficients of (a) the early winter net

turbulent heat flux anomalies (unit: W�m−2) in the northern part

(55�–65�N, 40�–20�W), the middle part (35�–45�N, 45�–35�W), and the

southern part (20�–25�N, 30�–20�W) of the North Atlantic (i.e., the

pink boxes in Figure 5a) against the prior normalized early winter

NAO index during the all neutral ENSO (purple), WQBO (green) and

EQBO (blue) winters. (b, c) Same as (a) but for the sensible heat net

flux anomalies and the latent heat net flux anomalies, respectively. The

dots over the bars indicate anomalies at the 90% confidence level

[Colour figure can be viewed at wileyonlinelibrary.com]
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part: 55�–65�N, 40�–20�W; the middle part: 35�–45�N,
45�–35�W; the southern part: 20�–25�N, 30�–20�W;
i.e., the pink boxes in Figure 5a). Figure 7a shows that
the net turbulent heat flux anomalies in the three areas
are stronger in the EQBO winters than those in the
WQBO winters. In addition, the early winter SHF
(Figure 7b) and LHF (Figure 7c) anomalies averaged in
the three areas are also stronger in the EQBO winters
than those in the WQBO winters. In comparison to the
SHF and LHF anomalies, the SWR and LWR anomalies
associated with the NAO tend to be much weaker in their
magnitudes (figures not shown). In other words, the
changes in surface turbulent heat flux can be mainly

attributed to the SHF and LHF anomalies. Therefore, the
stronger North Atlantic SST anomalies during EQBO in
January are suggested to be induced mainly by the
enhanced SHF and LHF anomalies associated with stronger
NAO circulation anomalies in the preceding early winter.

Previous studies have documented that extratropical
SST anomalies may change the activity of the transient
eddies by modifying the meridional temperature gradient
and the atmospheric baroclinicity, and hence further
change the feedback effect of transient eddies on the
mean flow (Frankignoul, 1985; Kushnir et al., 2002; Nie
et al., 2019b). Figure 5b has shown that the meridional
SST gradient in January is increased in the mid-latitudes
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FIGURE 8 Regression patterns against the normalized early winter NAO index for (a) the EGR vertically integrated between 900 and

300 hPa (shading, unit: day−1), (b) the storm tracks (shading, unit: m), and (c) the geopotential height tendency at 300 hPa induced by high-

frequency transient eddies (shading, unit: m�day−1) in the subsequent January for all neutral ENSO years. (d–f) and (g–i) Same as (a–c) but
for the WQBO winters and the EQBO winters, respectively. Blue hatched regions indicate anomalies significant at the 90% confidence level

[Colour figure can be viewed at wileyonlinelibrary.com]
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and decreased in the subtropics of the North Atlantic,
which is associated with the tripolar SST anomalies
induced by the preceding early winter NAO. Hence, we
further calculate the EGR, the storm track and the geopo-
tential height tendency associated with the anomalous
early winter NAO as shown in Figure 8. The EGR repre-
senting the atmosphere baroclinicity tends to be
enhanced over the mid-latitude North Atlantic and weak-
ened over the subtropical North Atlantic (Figure 8a).
These changes in the EGR generally correspond to a
dipole pattern of anomalous storm track activities with
positive one over the mid-latitude North Atlantic and
negative one over the subtropical North Atlantic
(Figure 8b). And the generated geopotential height ten-
dency also exhibits a dipole pattern with negative anoma-
lies over the north and positive anomalies over the south
of the North Atlantic, which contributes to a positive
NAO in January (Figure 8c). However, when the early
winters are stratified into the EQBO and WQBO winters,
those dipole patterns in the subsequent January depicted
above become more evident and significant during EQBO
(Figure 8g–i) but weak and insignificant during WQBO
(Figure 8d–f). In brief, during EQBO, early winter NAO
tends to have a larger variability and induce stronger SST
anomalies via enhanced surface turbulent heat fluxes.
And these SST anomalies in the North Atlantic tend to
persist into the following January and further have a pos-
itive feedback effect on the NAO by modulating the
storm track activities. A stronger interaction between
atmosphere and ocean is suggested to play a crucial role
in the persistence of anomalous NAO from early winter
to the following January during EQBO. In contrast, such
atmosphere–ocean interaction and eddy feedback effect
tend to be fairly weak during WQBO; thus, the early win-
ter NAO anomaly can hardly persist into the following
January.

5 | CONCLUSIONS AND
DISCUSSIONS

The present study examined the connection between the
QBO and the persistence of the NAO during boreal win-
ter by using the observational and reanalysis data for the
period 1958–2020. The results indicate that there tends to
be a significant (an insignificant) correlation between the
NAO in early winter and that in the following January
during EQBO (WQBO). In other words, the anomalous
NAO in early winter, which is consist of an anomalous
cyclone at high-latitude and an anomalous anticyclone at
mid-latitude over the North Atlantic, tends to persist into
the following January only during the easterly phase of
the QBO. In addition, the prolonged climate impacts of

the early winter NAO, including the SAT anomalies over
the western Europe and North Africa in the subsequent
January, are also evident only during EQBO. These SAT
anomalies can be attributed to the temperature advection
induced by the NAO-related winds anomalies. Specifi-
cally, the westerly (northerly) winds along the northern
(eastern) flank of the anomalous anticyclone carry
warmer (colder) air to the western Europe (North Africa),
leading to positive (negative) SAT anomalies over there.
The above results suggest that the persistence of the NAO
during boreal winter is modified by the QBO in the tropi-
cal stratosphere. Given that the QBO could be predicted
for more than 3 years in advance (Scaife et al., 2014), the
persistence of the NAO may potentially be better pre-
dicted if the QBO is taken into account.

Figure 9 illustrates the possible mechanism by which
the relationship between the QBO and the persistence of
the NAO. A stronger early winter NAO is observed dur-
ing EQBO than WQBO. The NAO amplitude difference
in early winter between EQBO and WQBO is suggested
to be attributed from two aspects. One is the difference of
stratosphere-troposphere coupling. In the EQBO winters,
the early winter NAO presents a quasi-barotropic struc-
ture with an extension into the stratosphere. Earlier stud-
ies (e.g., Kuroda, 2007) have indicated that the coupling

FIGURE 9 Schematic diagram of the physical processes for the

QBO to modulate persistence of the NAO [Colour figure can be

viewed at wileyonlinelibrary.com]
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of the NAO with the stratospheric circulation may
increase the NAO amplitude in the troposphere. In the
WQBO winters, however, the early winter NAO tends to
be confined mainly within the troposphere. The other is
suggested to be the stronger feedback from high-
frequency eddies associated with the NAO during EQBO.
Specifically, stronger surface winds anomalies associated
with a stronger early winter NAO tend to induce stronger
surface heat fluxes, which further lead to a tripolar SST
anomaly pattern in the North Atlantic in the following
January. And this tripolar SST anomaly pattern may have
a positive feedback to the anomalous NAO via changing
the atmospheric baroclinicity and the corresponding
high-frequency eddy activities. Consequently, the early
winter NAO anomaly tends to persist into the subsequent
January during EQBO. In contrast, during WQBO, a
weaker early winter NAO tends to induce weaker SST
anomalies in the North Atlantic, and the associated high-
frequency eddies become weaker. Hence, the feedback on
the mean atmospheric circulation from eddies are weak
and the early winter NAO anomaly can hardly persist
into the following January during WQBO.

Previous studies have shown that the coupling
between the stratosphere and troposphere is modulated
by stratospheric polar vortex (Perlwitz and Graf, 2001;
Song and Robinson, 2004; Garfinkel et al., 2013; Xie
et al., 2017). A link between the QBO and the intensity of
stratosphere-troposphere coupling has been documented.
Chen and Li (2007) suggested that the relationship
between the East Asian winter SAT anomalies and the
stratospheric polar vortex is notable only during the
EQBO winters. Kuroda (2007) showed that the NAO and
stratosphere flow are closely coupled during the EQBO
winters. Zhang et al. (2020) found that more negative
stratospheric NAM signals extend downward into the

troposphere during the EQBO than the WQBO. However,
the mechanism by which the dynamical coupling
between the stratosphere and troposphere can affect the
amplitude of NAO needs to be investigated in the future
studies. In addition, the QBO at different levels may have
different impacts on the tropospheric circulation (Gray
et al., 2018). In this study, the analysis was performed by
using the QBO index defined at 30 hPa. We have also
examined the results with other QBO indexes at different
height levels. For the QBO index at 70 hPa, the results
are almost the same as those in this study. However, the
persistence of NAO does not exhibit significant difference
if using the QBO index at 50 hPa (figures not shown).

Another issue should be addressed is the quantitative
contributions to the NAO persistence from the strato-
spheric process and the feedback between the NAO and
SST. Figure 10 presents the variance of the January NAO
index explained by the early winter NHF index and SPV
index. The early winter NHF can explain 39% of the vari-
ance of the following January NAO during neutral ENSO
winters. Furthermore, the explained variance by the early
winter NHF increases to 53% during the EQBO winters
and decreases to 22% during the WQBO winters. In con-
trast, less than 10% of January NAO variance can be
accounted for the early winter SPV under all events. There-
fore, a limited direct impact of the SPV on the January
NAO is suggested, and the North Atlantic SST anomalies
may contribute dominantly to the persistence of the NAO.
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