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ABSTRACT
This study investigates the interannual relationship and the dynamical linkage between the boreal spring
Arctic Oscillation (AO) and the Northern Hemisphere Hadley circulation extent (HCE). The spring AO is
positively correlated with the HCE, with one standard positive deviation of the AO index corresponding to
approximately 0.428 latitude poleward shift of the HCE. The interaction between the planetary wave and the
zonal winds over the subtropics results in an anomalous eddy momentum flux divergence, which shifts the
HCE poleward. The AO related transient eddy momentum flux divergence makes nearly 2 times larger
contributions than those of the stationary component to the HCE change. The increased equatorward
transient wave flux over the subtropics is possibly related to the larger meridional gradient of the transient
wave refractive index there. The AO positive phase corresponds to an enhanced planetary wave propagation
from the midlatitude Atlantic Ocean to the subtropics, which resembles the North Atlantic Oscillation
pattern. The autumn and winter AO–HCE relationship is similar to that during spring, while summer has the
weakest relationship, which could be mainly attributed to the far poleward extension of the climatological
HCE during summer.

1. Introduction
The Hadley circulation (HC) is a thermally driven
large-scale circulation in the tropics, which lifts the
warm and moist air near the equator and sinks in
the subtropics (e.g., Hadley 1735; Glickman 2000). The
sinking air suppresses convection in the subtropics,
generating subtropical dry zones. The HC extent
(HCE), which indicates the boundary of the sinking air,
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is an important proxy of the tropical extent. Thus, the
variations of the HCE in both hemispheres are important to the changes in the subtropical atmospheric circulation, precipitation recycling, and droughts (e.g., Lu
et al. 2007, 2010; Kang et al. 2011; Polvani et al. 2011;
Bony et al. 2013).
Observational and modeling studies have verified that
the tropics have experienced a poleward expansion
during the last three decades (e.g., Fu et al. 2006; Hu and
Fu 2007; Seidel and Randel 2007; Johanson and Fu 2009;
Ceppi and Hartmann 2013; Adam et al. 2014; Allen et al.
2014; Lucas et al. 2014), as evidenced by a poleward shift
of the HCE. Several factors are recognized to have influences on the poleward shift of HCE, such as the
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stratospheric ozone depletion (e.g., Son et al. 2009, 2010;
Polvani et al. 2011; Orr et al. 2012; Waugh et al. 2015),
greenhouse gas emissions (e.g., Tao et al. 2016), anthropogenic aerosols (e.g., Allen et al. 2012, 2014), and
sea surface temperature (SST) changes (e.g., Adam et al.
2014; Allen et al. 2014). These factors can influence the
HCE either by modifying the meridional temperature
gradient according to the theory of nearly inviscid flow
(Held and Hou 1980) or by modulating the midlatitude
eddies due to the small Rossby number (Ro) in the
subtropics (e.g., Schneider 2006; Walker and Schneider
2006). Son and Lee (2005) suggested that the midlatitude baroclinic zone width is a key parameter in
determining the jet structure, thus it is an important
metric to evaluate the HCE. Comparatively, the HC
expansion is more detectable in the Southern Hemisphere (SH) than in the Northern Hemisphere (NH),
partly because the stratospheric ozone depletion is
most significant over the Antarctic (e.g., Garfinkel
et al. 2015). During the austral summer, the ozone
depletion in Antarctic stratosphere has significant impacts on the HC expansion through modulating the
midlatitude eddies, which results in a substantial
poleward shift of the midlatitude jet and increased
subtropical precipitation (e.g., Son et al. 2009, 2010;
Polvani et al. 2011; Orr et al. 2012). It can be seen that
these previous studies mostly focused on the SH.
However, the magnitude of the interannual variation
of the HCE is larger than that of the long-term trend
(e.g., Nguyen et al. 2013; Adam et al. 2014; Guo and Li
2016), which may affect the interannual variability of
the subtropical weather and climate in the NH. Thus, it
is important to understand how the NH HCE changes
on interannual time scale, as well as the underlying
dynamical mechanisms.
As the dominant mode of NH extratropical variability, the boreal spring Arctic Oscillation (AO) is primarily driven by midlatitude eddies and has
significant impacts on NH climate in both the tropics
and extratropics (e.g., Thompson and Wallace 2000;
Thompson et al. 2000, 2003; Vallis et al. 2004;
Nakamura et al. 2006; Gong et al. 2011; Chen et al.
2014a, 2017). The spring AO is connected to the climate variability such as precipitation, tropopause
height, and total column ozone via the planetary wave
activity (e.g., Thompson and Wallace 2000; Thompson
et al. 2000) and it also has a close relationship with the
HCE in the NH (e.g., Nakamura et al. 2006; Nguyen
et al. 2013). However, the dynamical linkages for how
the AO connects to the HCE in the NH still remain
unclear.
In the above context, this study focuses on the interannual relationship and the dynamical linkages
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between the boreal spring AO and the HCE in the
NH. Following this introduction, section 2 introduces
the datasets and methods used in the study. Section 3
analyzes the statistical relationship between the boreal spring AO and the HCE. Section 4 further investigates the dynamical linkages. Section 5 discusses
the seasonal difference of the AO–HCE relationship and section 6 presents the conclusions and
discussion.

2. Datasets and methods
a. Datasets
In this study, we adopted the monthly mean atmospheric variables, including sea level pressure (SLP),
meridional and zonal winds, air temperature, and geopotential height, derived from the National Centers for
Environmental Prediction–Department of Energy Atmospheric Model Intercomparison Project II reanalysis
(NCEP-2) data (Kanamitsu et al. 2002) from 1979 to
2014, which has a horizontal resolution of 2.58 3 2.58 in
longitude and latitude with 17 vertical levels. The European Centre for Medium-Range Weather Forecasts
interim reanalysis (ERA-Interim) dataset from 1979 to
2014, which has a horizontal resolution of 0.758 3 0.758
in longitude and latitude and 37 vertical layers (Dee
et al. 2011), was also employed to validate the NCEP-2
data. The sea surface temperature dataset was from the
Extended Reconstructed SST version 3b (ERSST v3b)
reanalysis from NOAA with a horizontal resolution of
2.08 3 2.08 in longitude and latitude (Smith et al. 2008).
The daily horizontal winds and the potential temperature were employed from NCEP-2 to derive the transient component of the eddy momentum flux. The
transient components of the zonal and meridional winds
are defined as their daily deviations from the monthly
means.

b. Methods
The mass streamfunction (MSF) was employed to
depict the HC, which is derived by vertically integrating
the zonal mean meridional winds (e.g., Holton 1994;
Oort and Yienger 1996). The MSF is calculated as
follows:
ð
2pa cosu
c5
(1)
[y] dp,
g
where y denotes the meridional wind, a is the radius of
Earth, u is the latitude, g is the acceleration due to
gravity, and p is atmospheric pressure. The overbar and
square brackets in this study indicate the monthly and
zonal means, respectively. The HCE is defined as the
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latitude where the 500-hPa MSF reaches zero (e.g., Hu
and Fu 2007; Adam et al. 2014).
The planetary wave is measured by the quasigeostrophic Eliassen–Palm (EP) flux and its divergence
(Edmon et al. 1980). The two-dimensional EP flux and
its divergence are given as follows:
Fu 5 2a cosu[y*u*] ,
Fp 5
Div 5

(2)

a cosuf
[y*u*],
d[u]/dp

(3)

1
›
›
(Fu cosu) 1 Fp .
a cosu ›u
›p

(4)

Here, Fu and Fp are the meridional and vertical components of the EP flux, respectively; Div is the EP flux divergence; f is the Coriolis parameter; u is the zonal wind;
u is the potential temperature; and the asterisks denote
the departure from the zonal mean. The other parameters
are the same as those in Eq. (1). The daily datasets were
used to calculate the total EP flux for each day, which is
averaged to obtain the monthly total EP flux. The monthly
mean datasets were used to calculate the stationary EP
flux. The transient EP flux was obtained by subtracting the
stationary component from the total monthly EP flux.
We also adopted the horizontal components of the
wave activity analysis following Plumb (1985):
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where Fs is the horizontal wave activity flux, C* is the
perturbed streamfunction, and l is the longitude. The
other parameters are the same as those in the above
equations. This wave activity flux is parallel to the group
velocity of the stationary Rossby waves, and can well
represent the direction of horizontal wave propagation
in the atmosphere.
The quasigeostrophic refractive index (RI) is employed
to interpret the effect of the changes in the large-scale
circulation on the wave propagation. It is defined as
(Chen and Robinson 1992)
RI 5

qu
u2c


2

k
a cosu

2


2

f
2NH

2
,

(6)

where qu 5 (2V/a) cosu 2 (1/a2 )[(u cosu)u /cosu]u 2
( f 2 /r0 )(r0 [uz /N 2 ])z is the meridional gradient of the
zonal mean potential vorticity; c 5 sa cosu/k is the phase
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speed; k is the zonal wavenumber; s is the wave frequency; r0 is the background density of the atmosphere;
N2 is the buoyancy frequency; H is the scale height
(;7 km); and V is Earth’s angular frequency. The other
parameters are the same as those in the above equations.
The RI is treated as the stationary wave RI when the
wave frequency s is zero (c 5 0 m s21) and as the transient wave RI when s is nonzero (c 6¼ 0 m s21).
As our focus was on the interannual time scale, all the
variables were subjected to a 9-yr high-pass Lanczos
filter (Duchon 1979). We define the AO index as the
principal component (PC) of the first empirical orthogonal function (EOF) mode of the SLP anomalies in the
NH extratropics (208–908N) following previous studies
(e.g., Thompson and Wallace 1998, 2000). To reduce
ENSO’s contamination in the results, the ENSO signals
were removed from all the variables by subtracting the
anomalies linearly regressed on the Niño-3.4 index
(defined as the SST anomalies averaged over the region
58S–58N, 1708–1208W). The correlation and regression
methods were used, and the two-tailed Student’s t test
was applied to evaluate the statistical significance.

3. The relationship between the spring AO and
Northern Hemisphere HCE
Figure 1 first shows EOF-1 mode of the boreal spring
[March–May (MAM)] SLP anomalies of the NH, the
standardized NH HCE, and the AO index during 1979–
2014 based on NCEP-2 and ERA-Interim, respectively.
The EOF-1 modes exhibit annular seesaw patterns with
positive and negative anomalies in the mid- and high
latitudes, respectively (Figs. 1a,c). The positive SLP
anomalies have two maximum centers, which are located over the North Pacific and North Atlantic regions,
respectively, while the negative SLP anomalies center in
the polar region. This spring AO pattern agrees well
with previous studies (e.g., Thompson and Wallace 1998,
2000; Thompson et al. 2003; Chen et al. 2014a). The AO
indices from the NCEP-2 and ERA-Interim have a
correlation coefficient of 0.99 (p , 0.001), which indicates that the AO signal can be reliably captured by
both the datasets. Figure 1 also indicates that the spring
normalized HCE is positively correlated with the spring
AO index with correlation coefficients of 0.43 (p , 0.01)
and 0.46 (p , 0.01) for NCEP-2 and ERA-Interim, respectively (Figs. 1b,d). Quantitatively, one standard
deviation’s increase in the AO index corresponds to
approximate 0.428 latitude poleward shift of the HCE,
which is obtained by linearly regressing the HCE on the
standardized AO index. In the following section, the
dynamical linkages between AO and the HCE will be
investigated.
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FIG. 1. (a) The EOF-1 mode of the spring SLP anomalies (units: hPa) over the Northern Hemisphere (208–908N)
during 1979–2014 based on NCEP-2. (b) Evolutions of the first principal component (PC-1) of the EOF-1 mode of
the SLP anomalies (black line) and the standardized HCE (red line). (c),(d) As in (a),(b), but for ERA-Interim.

4. Dynamical linkages between the AO and the
Northern Hemisphere HCE
a. Atmospheric circulation anomalies associated with
eddy momentum budget
Figure 2 shows the MSF climatology and its anomalies
regressed on the AO index in spring during the period

1979–2014 in the NH. The MSF anomalies regressed on
the AO index correspond to one standard deviation of
AO index, which apply to all the regressed anomalies in
this study. The climatological MSF shows that the
northern cell of the HC with the upward branch in the
equatorial region and downward branch around 308N.
The MSF anomalies regressed on the AO index exhibit

FIG. 2. Boreal spring climatological MSF (contours) and its anomalies (shading; units: 109 kg s21) regressed onto
the spring AO index based on (a) NCEP-2 and (b) ERA-Interim. Contour intervals are 0.8 3 1010 kg s21. Stippled
areas are statistically significant at/above the 95% confidence level. The thick solid lines indicate the zero values.

Unauthenticated | Downloaded 01/09/23 02:51 AM UTC

15 JULY 2019

4399

HU ET AL.

FIG. 3. Climatology (contours) and standard deviation (shading) of the boreal spring Ro
based on the period 1979–2014.

one positive cell and two negative cells. The positive cell
is located within 108–408N, while the two negative cells
are in the deep tropics and midlatitudes (408–708N),
respectively. The results from the two reanalysis datasets are similar. The positive cell crosses the boundary
between the HC and the Ferrel cell, which tends to shift
the HCE poleward. Note that the midlatitude negative
cell crosses the boundary between the Ferrel and polar
cells, which may cause a poleward displacement of the
midlatitude storm track. But changes in the midlatitude
Ferrel cell are beyond the scope of this study and are
therefore not discussed here.
In the subtropics, the leading order of the zonal momentum budget can be approximately expressed as
follows (Walker and Schneider 2006; Caballero 2007):
[ f 1 (z)][y] 5 (1 2 Ro)f [y] ’ [S],

(7)

where [z] 5 2f›(cosu[u])/›ug/a cosu is the relative
vorticity; Ro 5 2[z]/f is the Rossby number; and
S 5 (1/a cos2 u)f›(cos2 u[u*y *])/›ug is the horizontal
eddy momentum flux divergence; the other parameters
are the same as those in the above equations. The daily
datasets were used to calculate the total S for each day
and then average the daily total S to obtain the monthly
total S. The stationary component of S (Sst) was calculated with the monthly mean data and the transient
component of S (Str) was obtained by subtracting Sst
from the monthly total S. We calculated the budgets of
the AO related f [y], [z][y], and [S] based on Eq. (7) on
interannual time scale. It turns out that [S] is mainly
balanced by f [y], while [z][y] is much smaller than f [y]
and [S] (figure not shown). That means that Eq. (7) can
be held on interannual time scale associated with AO. In
the extratropics, Ro is small, which is close to the limit of

Ro / 0, and its interannual variability is much smaller
(Fig. 3). Thus, y ’ (S/f ). As the HC is an integration of y,
the latitude of y 5 0 is also a proxy of the HCE. Therefore, the HCE can be directly influenced by S, given
y ’ (S/f ) (e.g., Schneider 2006; Walker and Schneider
2006; Caballero 2007).
According to the above theory, the meridional wind
changes associated with the eddy momentum divergence were analyzed. Figure 4 shows that the AO
index regressed meridional wind and those converted
from Sst and Str based on Eq. (7) {y ’ [S/(1 2 Ro)f ]}.
The climatological meridional wind and those converted from Sst and Str show positive values in the
tropical upper troposphere (around 200 hPa) and
negative values in the midlatitude upper troposphere
(around 200 hPa). It is clear that there are positive
meridional wind anomalies in the subtropics (around
308N), and negative anomalies in midlatitudes (around
608N for Sst and 708N for Str), both of which are located
in the mid- to upper troposphere (500–200 hPa). The
positive meridional wind anomalies are over the subtropical region where the HCE is located. The meridional wind anomalies associated with Sst and Str show
similar patterns to that of the AO, which also has a
magnitude comparable to that of the sum of meridional
wind anomalies associated with the Sst and Str. However,
Str makes nearly 2 times larger contributions than the Sst
to the change in meridional wind anomalies over the
subtropical upper troposphere near 308N (Figs. 4b,c).
That means that changes in the AO-associated eddy
momentum flux divergence are responsible for the increased southerly wind (or a poleward shift of the HCE),
and the transient component of the eddy momentum
flux makes a larger contribution than that of the stationary component.
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FIG. 4. (a) The climatological MAM mean meridional wind
(contours; units: m s21) and its anomalies (shading; units: m s21)
regressed onto the spring AO index during the period 1979–
2014. (b) As in (a), but meridional wind is converted from Sst {y ’
[Sst/(1 2 Ro)f]}. (c) As in (b), but converted from Str.

b. Planetary wave activity connecting AO to HCE
A question arises as to how the AO connects to the
anomalous eddy momentum flux divergence over the
subtropical troposphere. Because the eddy momentum
flux divergence S 5 (1/a cos2 u)f›(cos2 u[u*y *])/›ug is in
proportion to meridional component of the EP flux divergence (›/›u)Fu 5 2(1/cosu)f›(cos2 u[u*y*])/›ug but
with opposite sign (i.e., the convergence of EP flux
corresponds to the divergence of the eddy momentum
flux), we further show the AO-related stationary and
transient EP fluxes and their divergence (Fig. 5). An
enhanced wave propagation from the midlatitudes to
the tropics along with a convergence of the EP flux in the
subtropical upper troposphere is observed (Figs. 5a,b),
which agrees well with Thompson et al. (2003). As the
divergence of the EP flux represents the eddy momentum forcing on mean flow, a convergence of the EP flux
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implies the zonal easterly forcing induced by waves on
mean flow (Andrew et al. 1987) that decelerates a
westerly zonal mean flow, we can see that there is an
anomalous convergence of the EP flux over the subtropics (Figs. 5a,b), corresponding to a slowdown of the
subtropical jet (Fig. 5e). That means the anomalous
convergence of EP flux over the subtropical troposphere
related to AO could induce strengthened easterly momentum forcing on mean flow there. The convergence
area of the EP flux located in the extratropical troposphere is mainly controlled by the equatorward branch
of EP flux vectors (i.e., the eddy momentum flux in the
subtropical higher troposphere) (Andrews et al. 1987),
which can also be seen in the climatological mean of
meridional components of EP flux divergence in Figs. 5c
and 5d. Thus, the anomalous convergence in the EP
flux related to AO corresponds to an anomalous divergence in the eddy momentum flux in the subtropical
troposphere.
Previous studies discussed that the EP fluxes are
closely related to RI (Palmer 1981, 1982; Karoly and
Hoskins 1982; Butchart et al. 1982; Andrews et al. 1987;
Chen and Robinson 1992; Hu et al. 2015, 2019; Hu and
Guan 2018). They showed that the regions with larger
EP flux vectors always correspond to larger RI and the
trajectories of the EP flux vectors are refracted up the
gradient of RI. The EP flux and RI can provide a useful
way of visualizing the propagation pattern of planetary
waves in the latitude–height plane. To further understand the propagation of stationary and transient
waves, Fig. 6 shows the anomalies in the stationary wave
RI and transient wave RI for zonal wavenumber 3 regressed on the normalized AO index during 1979–2014
in MAM. The reason we chose wavenumber 3 is that
the wave train shown in Fig. 7 below exhibits a
wavenumber-3 pattern. We can see that the stationary
wave RI increases at subtropics but decreases at higher
latitudes (Fig. 6a). Because waves always tend to propagate into the large RI value areas (Andrews et al. 1987;
Chen and Robinson 1992), such anomalous stationary
wave RI pattern tends to induce anomalous equatorward wave propagation over the subtropics, consistent
with the EP flux anomalies. As the basic state of the
zonal mean winds is usually represented by 10 m s21, the
traveling wave RI with a value of 10 m s21 phase speed is
chosen for an example following Hu et al. (2015). The
pattern of the westward-traveling wave RI in response
to the positive AO phases (Fig. 6b) is similar to that of
stationary wave RI, suggesting the equatorward propagation of westward-traveling waves also enhances during the positive AO phases. This can explain why the
transient EP flux also has equatorward propagation
anomalies, similar to the stationary EP flux anomalies.

Unauthenticated | Downloaded 01/09/23 02:51 AM UTC

15 JULY 2019

4401

HU ET AL.

FIG. 5. Anomalies in the (a) stationary and (b) transient components of the EP flux (vectors; units for horizontal
and vertical vectors are 106 and 104 kg s22, respectively) and their divergences (shading; units: m s22) regressed
upon the normalized AO index during 1979–2014 in MAM. Climatology (contours; units: 106 kg s22) and anomalies
(shading; units: 106 kg s22) in the meridional components of (c) stationary and (d) transient EP flux divergences
regressed upon the normalized AO index during 1979–2014 in MAM. (e) Climatology (contours; units: m s21) and
anomalies (shading; units: m s21) in the zonal wind regressed upon the normalized AO index. Stippled areas are
statistically significant at/above the 95% confidence level.

Additionally, the anomalies in the eastward-traveling
wave RI related to AO (Fig. 6c) exhibit larger meridional gradient than that of the stationary wave RI
(Fig. 6a), which may explain why the AO-related
HCE expansion is mainly induced by transient eddy
momentum flux divergence. And the anomalies in the
eastward-traveling wave RI are also larger than those
in westward-traveling wave RI, which suggests that
the increased equatorward transient wave flux over the
subtropics is possibly related to the anomalies in the
refraction of eastward-traveling waves.

To give more details about the regional aspects of the
equatorward wave propagation, Fig. 7 further shows
300-hPa horizontal wave flux, geopotential height,
streamfunction, and the horizontal wind anomalies regressed on the normalized AO index. The zonal mean of
the geopotential height is removed in order to capture
the stationary wave component associated with AO.
There are wave train patterns originating from the midto high latitudes of North Atlantic and propagating to
the tropical North Atlantic and North Africa, respectively. Similar results are also observed in the lower
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the AO over the Atlantic sector and they share common features in their associated wave train patterns
(e.g., Thompson and Wallace 1998; Ambaum et al.
2001; Thompson et al. 2003; Lorenz and Hartmann
2003; Vallis et al. 2004; Son and Lee 2005). Thus, it can
be seen that the AO-related equatorward wave propagation is mainly contributed by the Atlantic sector,
consistent with previous studies (e.g., Thompson and
Wallace 1998; Ambaum et al. 2001; Thompson et al.
2003; Son and Lee 2005), which means the equatorward wave propagation over the Atlantic sector plays
an important role in shifting the HCE poleward during
the AO positive phase.

5. Seasonal differences in the AO–HCE
relationship

FIG. 6. The RI (units: 10212 m22) anomalies for zonal wavenumber-3 (a) stationary waves, (b) westward-traveling waves, and
(c) eastward-traveling waves with a phase speed 10 m s21 regressed
on the normalized AO index during 1979–2014 in MAM. Stippled
areas are statistically significant at/above the 90% confidence level.

troposphere (figure not shown), indicating an equivalent barotropic structure of the wave train patterns.
These wave train patterns play important roles in
forcing the AO zonal anomalies (e.g., Kimoto et al.
2001) and the one propagating to the tropical North
Atlantic resembles the North Atlantic Oscillation
(NAO) pattern. The AO index is also highly correlated
with the NAO index (r 5 0.71, p , 0.05). These results
indicate that the NAO is an important manifestation of

The spring AO can impact the tropical climate such as
East Asian monsoon system and ENSO events in the
following seasons (Nakamura et al. 2006; Gong et al.
2011; Chen et al. 2005, 2014a). Whether HCE has a
lagged relationship with AO is still unknown. By correlating the AO index in each season to the HCE with a
one-season lag, it is found that none of the four seasons
shows a significant AO–HCE relationship. Comparatively, the simultaneous correlations between AO and
HCE are significant during autumn (r 5 0.63) and winter
(r 5 0.43) and insignificant during summer (r 5 0.16).
Unlike the AO–ENSO relationship, the AO–HCE has
no lagged relationship, possibly because the propagation of the tropospheric planetary waves is much faster
than the slow air–sea interaction processes (e.g.,
Nakamura et al. 2006; Gong et al. 2011; Chen et al.
2014a).
To understand the seasonal difference of the AO–
HCE relationships, Fig. 8 further shows the AO associated EP flux in summer, autumn, and winter. All the
three seasons show an equatorward wave propagation
similar to that in spring (Figs. 5a,b), but with relatively
smaller magnitudes in summer and autumn. For the
summer and autumn, the equatorward stationary and
transient wave flux anomalies have comparable magnitudes, whereas for winter the transient component is
much smaller than the stationary component. For the
horizontal wave propagation, the NAO-like pattern is
observed over the Atlantic sector in summer and
winter (Figs. 9a,c). Autumn has weak wave propagation to the tropical Atlantic but has obvious wave
propagation to central Asia (Fig. 9b). As a result, the
three seasons show similar spatial structures of MSF
anomalies to that in spring (Figs. 2 and 10). However,
the summer climatological HCE is farther poleward
extended than the other three seasons, when the
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FIG. 7. Anomalies of the 300-hPa (a) geopotential height (shading; units: m) and the
horizontal stationary wave activity flux (vectors; units: m2 s22; only the vectors above
0.6 m2 s22 are shown) regressed onto the AO index during 1979–2014 in MAM. (b) Anomalies of the streamfunction (shading; units: 105 m2 s21) and horizontal winds (vectors; only the
vectors above 1.5 m s21 are shown) regressed onto the AO index. Stippled areas are statistically significant at or above the 95% confidence level.

climatological HCEs are located within the MSF
anomalies related to the AO. Thus, the climatologically poleward extended HCE is possibly the cause for
the weak statistical relationship between the AO index
and the HCE in summer.

6. Conclusions and discussion
This study investigates the statistical relationship and
dynamical linkages between the spring AO and the
HCE in the NH. It is found that the positive (negative)
AO phases correspond to a poleward (equatorward)
shift of the HCE in the NH. Quantitatively, one positive
standard deviation’s increase of the AO index corresponds to an approximate 0.428 latitude poleward shift
of the HCE. The relationship between the AO and the
HCE are tightly connected to the eddy momentum flux
divergence in the subtropical mid- to upper troposphere.
The transient component of the eddy momentum flux
divergence makes a relatively larger contribution to the
changes in HCE than that of the stationary component.
The increased equatorward transient wave flux over the

subtropics is possibly related to the anomalies in the
refraction of eastward-traveling waves. Further analysis
revealed that the increased eddy momentum flux divergence is related to an enhanced wave propagation
from the mid- to high latitudes to the lower latitudes
within the Atlantic sector, which is like the NAO
pattern.
Previous studies pointed out that the AO fluctuation is
associated with zonal momentum flux of baroclinic
waves across the midlatitudes, and its largest variance is
located over the Atlantic sector (e.g., Thompson et al.
2003). The AO manifests most strongly in the Atlantic
sector (Thompson and Wallace 1998; Ambaum et al.
2001; Thompson et al. 2003) because of the relatively
weak thermal-driven subtropical flow and warmer
boundary conditions at mid- to high latitudes, which
allows a significant southward extension of baroclinic
waves (Thompson et al. 2003). There have been studies
suggesting that the interannual fluctuation of the AO is
significantly correlated with that of the HCE (e.g.,
Nakamura et al. 2006; Nguyen et al. 2013; Guo and Li
2016), and Thompson et al. (2003) also showed the
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FIG. 8. The stationary component of the anomalous EP flux (vectors; units for horizontal and vertical vectors are
106 and 104 kg s22, respectively) and its divergence (shading; units: m s22) regressed onto the AO index during
1979–2014 in (a) JJA, (b) SON, and (c) DJF. (d)–(f) As in (a)–(c), but for the transient component. Stippled areas
are statistically significant at or above the 95% confidence level.

meridional circulation change associated with the AO
variation during late winter season. We suggest that the
dynamical process linking the AO and the HCE is the
strengthened equatorward wave propagation, which is
the strongest over the North Atlantic sector. This is
consistent with previous studies (e.g., Thompson and
Wallace 1998; Ambaum et al. 2001; Thompson et al.
2003; Son and Lee 2005). We further pointed out that
the transient wave flux makes nearly 2 times larger
contributions to the HCE interannual variability than
that of the stationary wave flux (Figs. 4b,c). Further
analysis indicates that autumn and winter have a similar
AO–HCE relationship. However, such a relationship in
summer is statistically insignificant, which is possibly
related to the climatological position of the northern cell
in summer (Fig. 10a) and the relatively weaker wave
activity (Figs. 8a,d).
Previous studies suggested that the spring AO can
impact the subsequent winter ENSO events via
wave–mean flow interaction over the North Pacific

and associated vorticity transportation (Chen et al.
2014a, 2017). This relationship experienced an interdecadal shift during the 1970s because of the
stronger synoptic-scale eddy feedback to the lowfrequency flow after 1970 (Chen et al. 2015). Our
results show that the HCE is linked to the AO in the
same season via the equatorward propagation of the
planetary wave over the Atlantic region (Fig. 7a),
which is in a different ocean basin. Whether the circulation change in the subtropical Atlantic can affect
the tropical Pacific SST is worth further investigation. Additionally, it was suggested that the regional
HC can have a significant impact on the regional
climate (e.g., Chen et al. 2014b; Huang et al. 2017;
Guo and Tan 2018). Whether the HCE is actually
important for subtropical precipitation over land is
the subject of debate (e.g., Schmidt and Grise 2017).
As the spring AO has a significant impact on the
tropical SST and precipitation during the following
summer and winter (e.g., Nakamura et al. 2006; Chen
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FIG. 9. Regression of the zonal deviation of 300-hPa geopotential height (shading; units: m)
and horizontal winds (vectors; only the vectors above 1 m s21 are shown) onto the AO index
during (a) summer, (b) autumn, and (c) winter. Stippled areas are statistically significant
at/above the 95% confidence level.

et al. 2014a, 2015, 2017), it is possible that the spring
AO may also have an impact on the regional HCE during
the following summer or winter, although their statistical
relationships are insignificant from a zonal mean perspective. But this needs further investigation in the future.
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FIG. 10. As in Fig. 2a, but for (a) summer, (b) autumn, and (c) winter.
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