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Abstract Diagnostics of wave-mean-flow and wave-wave interactions in isentropic coordinates are
analyzed regarding the mechanisms that govern the Holton-Tan effect (HTE), whereby the tropical
quasi-biennial oscillation (QBO) modulates the northern winter stratospheric polar vortex. We find a clear
seasonal evolution of a QBO modulation of Rossby waves and linear and nonlinear wave interactions, along
with multiple mechanisms at work. In early winter, when the lower stratospheric QBO is easterly, there is
enhanced upward stationary planetary-wave activity in the subtropical to midlatitude lower stratosphere.
These upward-propagating waves are first refracted toward the zero-wind line. Approximately 1month later,
poleward-propagating wave anomalies appear at midlatitudes as a result of nonlinear wave interactions. The
enhanced upward wave propagation appears to be due to a combination of the QBO influence on the
latitudinal location of the zero-wind line and the increased midlatitude baroclinicity associated with the
QBO-induced meridional circulation. This is further aided by a gradual poleward shift over the winter of the
middle-stratospheric waveguide, refracting waves poleward. The associated wave breaking weakens the polar
vortex and drives a stronger meridional circulation throughout the lower to middle stratosphere, contributing
to the high-latitude warming. It is additionally found that in late winter, the modified high-latitude waveguide
associated with the weaker polar vortex, consequently reduces upward-propagating transient planetary
waves at high latitudes while simultaneously enhancing upward-propagating synoptic waves at midlatitudes.
This highlights the need to view the HTE and its mechanisms as an evolving phenomenon throughout
the winter.

1. Introduction

During Northern Hemisphere (NH) winter, the strength of the stratospheric polar vortex is affected by the
quasi-biennial oscillation (QBO), the equatorial zonal winds that alternate between easterlies and westerlies
in the tropical stratosphere [Holton and Tan, 1980]. In particular, the polar vortex becomes more disturbed
when the lower stratospheric QBO is in its easterly phase (QBOe) and more stable when the QBO is in its
westerly phase (QBOw). This phenomenon, first discovered by Holton and Tan [1980] and often coined the
Holton-Tan effect (HTE hereafter), has been subject to intensive study over the last three decades
[O'Sullivan and Young, 1992; O'Sullivan and Dunkerton, 1994; Baldwin et al., 2001; Gray et al., 2001, 2004;
Ruzmaikin et al., 2005; Naito and Yoden, 2006; Pascoe et al., 2006; Lu et al., 2008, 2014; Calvo et al., 2009;
Hitchman and Huesmann, 2009; Anstey et al., 2010; Naoe and Shibata, 2010; Yamashita et al., 2011; Garfinkel
et al., 2012; Watson and Gray, 2014; White et al., 2015]. Despite the fact that the HTE has been robustly
observed and successfully reproduced by model simulations, the mechanism(s) that cause the HTE are still
a topic of research [Anstey et al., 2010].

Themechanisms that have been proposed, so far, all suggest that a QBOmodulation of planetary waves is the
key to explaining the HTE. Our current understanding of the QBO modulation of planetary waves can be split
into two broad categories: one involves a change in the stratospheric waveguide due to the QBOmodulation
of the latitudinal location of the zero-wind line (i.e., the critical line for stationary waves) in the subtropics and
another involves a change in planetary-wave propagation/breaking due to the QBO-induced meridional cir-
culation's effect on the refractive index. The former was first proposed by Holton and Tan [1980] and elabo-
rates as follows. Under QBOe, the zero-wind line in the lower stratosphere is located in the winter
hemisphere and acts to narrow the extratropical waveguide in the same hemisphere. This results in
upward-propagating quasi-stationary planetary waves from the troposphere to be confined to high latitudes,
leading to a more disturbed and weaker polar vortex. Planetary waves can also be reflected from the zero-

WHITE ET AL. SEASONAL EVOLUTION OF THE HTE 10,411

PUBLICATIONS
Journal of Geophysical Research: Atmospheres

RESEARCH ARTICLE
10.1002/2015JD024507

Key Points:
• The HTE and its governing
mechanisms evolve throughout
the winter

• Nonlinear wave interactions and
multiple mechanisms are at work

• QBO modulates different wave types
at distinct stages of the winter

Correspondence to:
I. P. White,
iwhit@bas.ac.uk

Citation:
White, I. P., H. Lu, and N. J. Mitchell
(2016), Seasonal evolution of the
QBO-induced wave forcing and
circulation anomalies in the northern
winter stratosphere, J. Geophys. Res.
Atmos., 121, 10,411–10,431, doi:10.1002/
2015JD024507.

Received 14 NOV 2015
Accepted 25 AUG 2016
Accepted article online 28 AUG 2016
Published online 17 SEP 2016

©2016. American Geophysical Union.
All Rights Reserved.

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-8996
http://dx.doi.org/10.1002/2015JD024507
http://dx.doi.org/10.1002/2015JD024507
mailto:iwhit@bas.ac.uk


wind line back toward the polar vortex meridionally and thus further weaken it [Tung, 1979]. Conversely,
under QBOw, the zero-wind line is located in the summer hemisphere. This results in a latitudinally wider
waveguide in the winter hemisphere that encourages wave propagation away from the polar vortex and thus
leads to a less disturbed polar vortex. This mechanism is referred to as the HT mechanism hereafter.

Gray et al. [2001, 2004] used mechanistic model simulations to study the changes in the extratropical
circulation in relation to tropical wind anomalies. They found that the polar vortex is most sensitive to
wind anomalies imposed in the subtropical upper stratosphere with easterly wind anomalies leading to
an earlier onset of stratospheric sudden warmings. They argue that planetary waves have deep vertical
structures and so are susceptible to the effects of circulation changes throughout the stratosphere.
However, it remains inconclusive to distinguish whether the polar-vortex sensitivity was due to the QBO
influence on the location of the zero-wind line or the QBO-induced meridional circulation in the
upper stratosphere.

The QBO-induced meridional circulation and its role in linking the QBO and the polar vortex has been studied
using climate models [e.g., Garfinkel et al., 2012] as well as reanalysis data sets [e.g., Ruzmaikin et al., 2005; Lu
et al., 2014]. The QBO induces such a meridional circulation due to the formation of tropical vertically alter-
nating downwelling and upwelling regions that are necessary for maintaining the thermal anomalies asso-
ciated with the vertical shear zones of the QBO [Plumb and Bell, 1982]. It has been suggested that under
QBOe, the QBO-induced meridional circulation has an effect on wave propagation via modulating the refrac-
tive index, resulting in an increased wave convergence at high latitudes and a weaker polar vortex [Garfinkel
et al., 2012; Lu et al., 2014].

More recently, White et al. [2015] found that under QBOe, there is significantly enhanced wave breaking
throughout the lower stratosphere that is accompanied by strengthened baroclinic westerly anomalies that
arch down from the subtropical middle stratosphere. These subtropical-to-midlatitude wind anomalies are
formed to maintain thermal-wind balance between the tropics and the temperature cells in the subtropics
to midlatitudes created by the QBO-induced meridional circulation. The corresponding wave and zonal-wind
anomalies are shown to be linked to a poleward shift of the subtropical jet in the upper troposphere, which
may act to shift the waveguide poleward. The enhanced upward wave propagation from the troposphere to
the stratosphere at midlatitudes and the consequent wave breaking would also lead to a stronger meridional
circulation and hence a weaker polar vortex. Note that this mechanism differs from the HT mechanism
because it links the poleward shift of the stratospheric waveguide to a poleward shift of the subtropical jet
in the upper troposphere-lower stratosphere.

One major drawback of the aforementioned mechanistic studies is that the analyses were often aggregated
into seasonal averages. This makes it difficult to distinguish between the possibly different mechanisms that
are responsible for the HTE if each mechanism only plays a role at a certain stage of the winter. For instance,
upward wave propagation can change in late winter as a consequence of the extratropical wind and wave-
guide anomalies associated with the early winter HTE. Also, if the HT mechanism does play a major role
throughout the winter, it is expected that there is an overall reduced wave activity under QBOw and
increased wave activity under QBOe at middle to high latitudes. However, previous studies have often found
results that disagree with this argument depending on the chosen periods for time averaging. For instance,
Holton and Tan [1982] found enhanced wave-1 geopotential-height amplitudes in early winter under QBOe
but enhanced wave-2 geopotential-height amplitudes in late winter under QBOw. Their findings were later
confirmed by Hu and Tung [2002] and Ruzmaikin et al. [2005], with the former suggesting that the enhance-
ment of wave-2 in late winter may be due to tropospheric changes rather than a direct QBO effect. Similarly,
model simulations by Naito and Yoden [2006] and Naoe and Shibata [2010] also found that the QBO-induced
changes in waves 1 and 2, which altered during early and late winter, were not dynamically consistent with
the HT mechanism. In particular, Naoe and Shibata [2010] found that although there appears to be overall
more planetary wave activity under QBOe than QBOw, there is enhanced upward wave-2 at middle to high
latitudes under QBOw in early winter and similarly for wave-1 in late winter. More recently, Lu et al. [2014] and
White et al. [2015] found overall enhanced wave activity at high latitudes under QBOw compared to QBOe in
the December-to-February average. Such results cannot be fully explained just by using time averages. We
argue that the mechanisms which govern the HTE can be better understood through examination of the sea-
sonal evolution of wave-mean-flow interactions.
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Because potential vorticity (PV) is conserved on isentropic levels under adiabatic, frictionless conditions, PV
and the associated wave-activity diagnostics in isentropic coordinates are most suitable for studying
stratospheric wave-mean-flow interactions [Hoskins et al., 1985] and thus the HTE and its mechanisms.
Many studies have utilized isentropic coordinates and PV tools to study large-scale dynamics both in the
troposphere and stratosphere [e.g., Birner et al., 2013; Butler et al., 2011; Hitchman and Huesmann, 2009;
Kunz et al., 2009; Martius et al., 2007], although relatively few have used it to study the HTE. Most recently,
White et al. [2015] used these tools to examine the mechanisms of the HTE in NH winter based on the
December-to-February average, finding evidence of a QBO modulation of Rossby-wave propagation and
breaking. During Rossby-wave breaking events, the amplitude of the wave becomes sufficiently large so that
the PV contours overturn, resulting in irreversible mixing and a nonlinear cascade of potential enstrophy
along isentropic surfaces [e.g.,McIntyre and Palmer, 1983]. Such a process can be assessed using the potential
enstrophy budget [Smith, 1983]. Because the HTE involves changes in waveguides and wave breaking, the
budget is best represented in isentropic coordinates, rather than in pressure coordinates, where a quasi-
geostrophic assumption must be made. It is in this vein that we here utilize these PV-based tools in isentropic
coordinates to investigate the seasonal evolution of the HTE and its associated changes of waveguides and
wave activity.

This paper studies the seasonal evolution of the QBO-induced NH extratropical circulation changes. Particular
focus is to: (1) identify themechanisms that govern the early winter onset of the HTE; (2) determine the role of
linear and nonlinear processes near the lower stratospheric zero-wind line and their relationship with the
“fountain-like” feature in the Eliassen-Palm (EP) fluxes found by White et al. [2015]; and (3) elucidate on the
links between the late winter wave activity changes and the early winter onset of the HTE. This is accom-
plished by analyzing the associated linear and nonlinear changes in wave activity using wave-mean-flow
interaction and wave-wave interaction diagnostics including the PV gradient, the zonal-mean zonal momen-
tum budget, and the potential enstrophy budget in isentropic coordinates. In addition, the QBO modulation
of different wave types and their seasonal progression is evaluated, which is relevant as previous studies have
shown that the QBO modulates both transient planetary waves and stationary planetary waves differently
[e.g., Lu et al., 2012].

2. Data and Methods
2.1. Data

The 6-hourly, 0.7° horizontal resolution, ERA-Interim reanalysis data set from the European Centre for
Medium-RangeWeather Forecasts (ECMWF) [Dee et al., 2011] is utilized. It covers 1979–2014 (36 years in total)
and 15 isentropic levels (265, 275, 285, 300, 315, 330, 350, 370, 395, 430, 475, 530, 600, 700, and 850 K)
covering ~815 hPa to 10 hPa. The five variables used for this analysis are Ertel's potential vorticity (PV) P,
the horizontal wind field u and v, temperature T and geopotential height Z. While PV on the 15 isentropic
levels was directly obtained from the ECMWF (http://www.ecmwf.int), the interpolation procedure used
to obtain isentropic u, v, T, and Z at 350 K to 850 K from pressure level data is described in White et al.
[2015]. This data is further extended in this study to the 265–330 K isentropic levels using a linear interpola-
tion scheme.

2.2. Diagnostics Tools
2.2.1. Zonal Mean Momentum Budget
Our main diagnostics build largely on the zonal-mean momentum budget, which in spherical isentropic
coordinates takes the form

∂u
∂t

¼ �v̂ 1
acosφ

ucosφð Þφ � f

� �
� Q̂ uθ þ σv0P0 þ D1 (1)

where u, v are the zonal and meridional velocity components, φ the meridional coordinate, θ the potential
temperature, t the time, P the Rossby-Ertel potential vorticity (PV), f the Coriolis parameter, Q the diabatic
heating rate, a the Earth's radius, D1 represents gravity-wave effects and other nonconservative terms
(including zonal-mean and perturbation friction and diabatic heating terms) [e.g., Andrews et al., 1987], and
σ =� g� 1∂p/∂θ is the isentropic density, with p the pressure and g the gravity acceleration. Overbars
represent zonal means and primes the deviations therefrom. Hats represent density-weighted zonal averages
(i.e., B̂ ≡σB=σ for any field B). Subscripts denote derivatives with respect to the subscripted variable. The
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physical interpretation of equation (1) can be found in Andrews [1987] and was further discussed in White
et al. [2015] in relation to the HTE. We refer the reader to those papers for more information. The first term
on the right-hand side of equation (1) accounts for themeridional advection of zonal-mean absolute vorticity,
which is denoted as

Θ ¼ �v̂ ucosφð Þφ=acosφ� f
� �

(2)

hereafter. We here calculate Θ directly from the daily variables.

The density-weighted eddy PV fluxes σv0P0 on the right-hand side of equation (1) represents the resolved-

wave forcing of the mean flow ū. Equatorward PV fluxes (σv0P0 < 0) act to weaken the mean flow and drive

a poleward circulation (Θ> 0), whereas poleward PV fluxes (σv0P0 > 0) act to strengthen the mean flow and
drive an equatorward circulation (Θ< 0) [e.g., Newman et al., 2001]. The eddy PV fluxes can also be written as

σv0P0≈∇�F=aσcosφ [e.g., Andrews, 1987], where ∇ � F is the Eliassen-Palm (EP) flux divergence, with F= (F(φ), F(θ))

the EP flux, which has meridional component F φð Þ ¼ �aσ v0u0cosφ representing the eddy momentum flux

and vertical component F θð Þ ¼ g�1p0Ψ0
λ representing the eddy form drag, where Ψ≡cpT+Φ is the

Montgomery stream function with cp the specific heat capacity at constant pressure, T the temperature,
and Φ the geopotential. The EP flux F indicates the direction of wave propagation [e.g., Edmon et al.,
1980]. To take full advantage of the conservation property of PV on isentropic surfaces, we quantify the wave

forcing in the momentum budget using σv0P0 . Nevertheless, we have found quantitatively similar results
based on the EP flux divergence term ∇�F=aσcosφ (not shown).

In order to elucidate on the propagation of different types of waves, the EP flux F is further separated into
contributions from planetary and synoptic waves, where planetary waves are here defined as waves with
zonal wave numbers 1 and 2 and synoptic waves as those with zonal wave numbers 3–10. Sensitivity to such
a definition will be discussed separately at the places where relevant results are presented. However, calcula-
tion of F on a daily time step, prior to averaging over the required time period, mixes the stationary and tran-
sient wave contributions, and we hence utilize the following approach to further separate F into its stationary
and transient planetary waves (described, for example, by Madden and Labitzke [1981]). To calculate the
stationary planetary waves, the variables u, v, p,Ψλ in calculating F are first averaged over an extended time
period (e.g., a month) at each grid point. For a given latitude, they are then filtered longitudinally for zonal
wave numbers 1 and 2 before the zonal departures (representing the wave disturbances), and subsequently,
F are calculated. The transient planetary-wave contribution to F is subsequently calculated as the difference
between the F calculated on a daily time step and the stationary contribution.

The seasonal evolution of the aforementioned wave-mean-flow-interaction diagnostics are calculated using
a time-running mean. More specifically, a centered, 31 day running mean is applied to the extended boreal
winter period of 1 September to 1 April, with a forward time step of 1 day, and the results are presented in
either latitude-time or height-time plots in section 3.
2.2.2. Potential Enstrophy Budget

Potential enstrophy (hereafter enstrophy), given by P02=2, is used here as a measure of the Rossby-wave
amplitude. In isentropic coordinates, changes in wave amplitude with time can be described by the enstro-
phy budget, which can be expressed as

∂
∂t

P02

2

 !
¼ � v0P0

a
∂P
∂φ|fflfflfflfflffl{zfflfflfflfflffl}

ΓWMI

� 1
acosφ

u0
∂
∂λ

P02

2

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

ΓZEEF

� 1
a
v0

∂
∂φ

P02

2

� �
|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

ΓMEEF

þD2: (3)

It states that the enstrophy tendency (i.e., wave growth/decay) depends on a combination of a few terms
which act as sources or sinks of enstrophy [Smith, 1985].

The first term on the right-hand side (denoted by ΓWMI) represents up/downgradient eddy PV fluxes [Birner
et al., 2013]. Downgradient eddy PV fluxes (ΓWMI> 0) induce positive enstrophy tendencies, i.e., wave growth

(∂ P02=2
� �

=∂t > 0), whereas upgradient eddy PV fluxes (ΓWMI< 0) induce negative enstrophy tendencies, i.e.,

wave decay (∂ P02=2
� �

=∂t < 0). The second and third terms on the right-hand side labeled ΓZEEF and ΓMEEF

represent eddy fluxes of enstrophy in the zonal and meridional directions, respectively. They are triple
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correlations between perturbation variables and hence represent the contribution of nonlinear wave-wave
interactions to the enstrophy balance [Birner et al., 2013]. Positive ΓMEEF and/or ΓZEEF (i.e., convergence of
enstrophy) induces wave growth, whereas negative ΓMEEF and/or ΓZEEF (i.e., divergence of enstrophy) induces
wave decay. D2 indicates dissipatory effects as well as the advection of enstrophy by the meridional flow.
Because the later effect is 1 order of magnitude smaller than other terms in the domain under consideration
(not shown), it is included in D2. The dissipatory processes include diabatic heating and friction, which result
in cross-isentropic motion and/or an irreversible mixing of PV and enstrophy [Haynes and McIntyre, 1987].
2.2.3. Latitude-Phase-Speed Cospectrum
A zonal-wave number-phase-speed analysis is conducted to examine the QBO modulation of the upward
propagation of transient wave activity across the tropopause. The analysis is performed for the vertical com-

ponent of the EP flux F θð Þ ¼ g�1p0Ψ 0
λ and the method follows that described in Randel and Held [1991]. More

specifically, daily time series of p and Ψλ over an extended period (e.g., the 120 day December to March
(DJFM) period) are tapered using a Hanning window. A fast Fourier transform (FFT) is then applied to trans-
form the longitude time series into zonal-wave number-frequency space. The cospectral density is calculated,
and then the frequency is smoothed using a Gaussian filter, before being interpolated into zonal-wave
number-phase-speed space using a phase-speed grid of 1m s�1. The cospectrum is subsequently summed
over zonal wave numbers 1–10, whereby a wave number upper bound of 10 is chosen due to our sensitivity
tests, which show that waves with zonal wave numbers greater than 10 contribute negligibly to the cospec-
trum. The cospectra are further separated into zonal wave numbers 1 and 2, 3 and 4, and 5–10 to assess the
contributions of transient planetary waves and synoptic waves. We note here that it is only for the latitude-
phase-speed cospectral analysis in section 3 (i.e., Figure 10) that an FFT is applied to F in both longitude and
time. In all other analysis, to split the contributions to F into planetary and synoptic waves, the FFT is only
applied in longitude (see section 2.2.1).

2.3. QBO Definition

The QBO phases are defined in the same way as that in Hitchman and Huesmann [2009] and White et al.
[2015]. Briefly, the QBO is defined here as the vertical difference between the 50 hPa and 70 hPa pressure sur-
faces (i.e., approximately the 530 K and 475 K isentropic surfaces, respectively) of the deseasonalized zonal-
wind anomalies averaged between 5°S and 5°N with ≥ 2m s�1 indicating QBOw and ≤�2m s �1 indicating
QBOe. The deseasonalization is performed by subtracting the climatology for the relevant time period.
Composite differences between QBOe and QBOw (QBOe—QBOw hereafter) are calculated and the confi-
dence levels determined at the 90% and 95% levels using a two-sided Student's t test. To analyze the tem-
poral evolution, the climatology and composite difference are calculated using a 31 day running mean for
both the QBO and the corresponding variables, and the analysis is performed for the extended boreal winter
period (1 September to 1 April). To account for possible contamination brought about by volcanic aerosols,
the 2 years following each of the two major volcanic eruptions (i.e., El Chichόn, March 1982 and Mount
Pinatubo, June 1991) are excluded from our composite analysis. We nevertheless found that the results are
not sensitive to the volcano-affected years. Also, we note that quantitatively similar results can be obtained
if the more traditionally used QBO definition at 50 hPa is utilized (i.e., defining the QBO by the direction of the
deseasonalized zonal winds at 50 hPa; not shown).

3. Results

The seasonal evolution of the QBO modulation of the zonal-mean zonal wind, the wave forcing of the mean
flow, and the meridional advection of absolute vorticity are first examined based on the zonal-mean zonal
momentum budget (equations (1) and (2)). Corresponding changes in the waveguide and wave propagation
are then identified, and the wave activity is further separated into synoptic, and stationary and transient pla-
netary-wave contributions. The linear and nonlinear wave interactions are also examined using the potential
enstrophy budget (equation (3)).

Figures 1a and 1b show the climatology (contours) and the QBO composite differences (QBOe-QBOw; shad-
ing) of the seasonal evolution of the zonal-mean zonal wind ū at two isentropic levels; (a) 850 K and (b) 350 K,
for the extended boreal winter (September to April). At 850 K, the most prominent climatological feature is
the polar vortex, the strong westerly winds which peak in midwinter (i.e., December–January) at ~60°N. At
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350 K, the most prominent climato-
logical feature is the subtropical jet that
is centered at ~30°N and forms in
October–November before reaching its
full strength in December–March.

The QBO composite difference high-
lights a clear HTE at both levels, mani-
festing itself as negative (i.e., easterly)
anomalies northward of ~55°N under
QBOe. In particular, at 850 K, the easterly
anomalies appear to migrate poleward
from near 30°N to high latitudes over
winter, with anomalous values inside
the polar vortex having magnitudes
that are ~40–50% of the climatology
during December–January. The large
positive (i.e., westerly) anomalies in the
tropics represent the QBO westerlies
themselves at this level when it is
QBOe in the lower stratosphere. The
westerly anomalies at high latitudes
from late February onward represent
the recovery of the polar vortex follow-
ing the weakening of the vortex in the
earlier months.

At 350 K, the QBO-induced zonal-wind
anomalies are marked by a dipole pat-
tern with westerly anomalies on the
poleward flank of the subtropical jet
and easterly anomalies on the equator-
ward flank throughout the winter per-
iod. Despite the fact that only the
easterly anomalies in early winter and
the westerly anomalies in late winter
are statistically significant, this dipole is
indicative of a poleward shift of the cli-
matological location of the subtropical
jet under QBOe relative to QBOw, which
was also previously found by Garfinkel
and Hartmann [2011] using a climate
model. Such a shift is associated with
the downward-arching zonal winds of
the QBO from near 850 K [see White
et al., 2015].

Figure 1c elucidates the vertical extent
of the HTE by presenting the seasonal
progression of the climatology (con-
tours) and QBO anomalies (shading) of
ū averaged over 60–70°N, displayed in
a time-height cross section. The climato-
logical high-latitude winds are westerly
throughout boreal winter, increasing
in strength with height from 300 K to

Figure 1. (a and b) Seasonal progression of the climatology (contours)
and QBO composite difference (QBOe-QBOw; shading) of ū at 850 K
(Figure 1a) and 350 K (Figure 1b) in a time-latitude cross section
(September–April, 0–90°N). The analyses are performed on a daily time
interval with both the QBO and winds averaged over a 31 day centered
window. Unless it is otherwise stated, the same applies for subsequent
figures where seasonal progression of a diagnostic variable is shown.
Contour interval in the climatology is 5m s�1 with solid and dashed
contours representing westerly and easterly winds. Red and blue shading
for the composite differences represent positive (i.e., westerly) and
negative (i.e., easterly) anomalies. Backward and forward hatchings
indicate statistical significance at the 90% and 95% levels. (c): Same as
Figure 1a except for the time-height cross section of ū averaged over the
latitude band of 60–70°N.
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850 K and reaching a maximum of 35m s�1 in December–January. The QBO signal is marked by the easterly
anomalies in November–February which represent a weaker polar vortex under QBOe in association with the
HTE. These anomalies become more easterly with height (up to �15m s�1 at 850 K) and extend throughout
the lower/middle stratosphere in November, before propagating downward from the middle stratosphere
(850 K) to the upper troposphere (300 K) during December–January. From late February onward, the westerly
anomalies represent a recovery of the polar vortex after the anomalous weakening in earlier months under
QBOe. Hereafter, the climatological ū and its QBO-induced anomalies are superimposed on the plots of other
diagnostics to aid in their discussion.

To understand the dynamical cause of these ū anomalies, the QBO modulation of the wave forcing of the

mean flow, measured by the density-weighted eddy fluxes of PV σv0P0 (see equation (1)), is presented in
Figure 2. It shows the seasonal evolution of the climatology and the QBO composite difference at 850 K
(Figures 2a and 2b) and at 530 K (Figures 2c and 2d). Note that in the composite difference at 530 K
(Figure 2d), the negative ū anomalies shown in contours represent the easterly winds of the QBO at this level.
Note that all seasonal-evolution plots herein are shown from 15°N to 90°N rather than from 0° to 90°N as in
Figures 1a and 1b, to facilitate our focus on understanding the extratropical effect of the QBO. The climatol-

ogies of σv0P0 at both levels are characterized by predominately equatorward PV fluxes (equivalently EP flux
convergence), acting to advect high PV from high latitudes to low latitudes and hence weakening the polar
vortex over the winter. At 850 K, the fluxes are found predominantly on the outer flank of the polar vortex,

while at 530 K, they occur over the entire polar vortex. The weak-valued region of σv0P0 < 0 at 850 K near
70°N in midwinter suggests a lack of Rossby-wave penetration into the strong polar vortex during this period.

Figure 2. (a and b) Seasonal progression of the climatology and QBO composite difference of the density-weighted eddy fluxes of PV σv0P0 at 850 K. Contours in
Figure 2a indicate the climatological winds with intervals at ±5, 15, 25,…m s�1, and those in Figure 2b are the QBO-induced anomalous winds with contours at
±1, 5, 10, 15,…m s�1. Units of the color bars in m s�2. Hatching as in Figure 1. (c and d): Same as Figures 2a and 2b except at 530 K and with the climatological ū
contours having an interval of 5m s�1. Note that the latitude range in this, and all subsequent latitude-time plots, is 15–90°N.
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The QBO effect on eddy fluxes at 850 K is marked by negative σv0P0 anomalies (i.e., equatorward PV fluxes)
poleward of ~50°N during November–February and positive anomalies (i.e., poleward PV fluxes), in the sub-
tropics to midlatitudes under QBOe. This dipole pattern suggests a meridional redistribution of PV, which
leads to positive and negative PV anomalies around a latitude circle in the intervening region, indicative of

enhanced wave disturbances within the polar vortex. Furthermore, this dipole pattern of σv0P0 anomalies
appear to migrate poleward over winter, dynamically consistent with the poleward migration of the zonal-
wind anomalies in the same region (contours). At 530 K, the anomalies throughout the subtropics to high lati-
tudes are negative in November–February, indicating enhanced wave convergence throughout the lower
stratosphere. These negative anomalous PV fluxes are in agreement with the isentropic-coordinate EP flux
convergence anomalies found in this region associated with the fountain-like wave-propagating feature by
White et al. [2015] in the December–February mean. The positive anomalous PV fluxes at 530 K found in
March are indicative of a change in wave forcing due to the early winter onset of the weaker polar vortex
at this level.

In addition to causing mean flow changes, the stratospheric wave forcing shown in Figure 2 is closely related
to the meridional circulation. Here we analyze the QBO modulation of the horizontal advection of absolute

vorticity Θ ¼ �v̂ ucosφð Þφ=acosφ� f
� �

(equation (2)). Note that the vertical-advection term is not included

in Θ (see equation (1)); thus, Θ does not account for the full circulation associated with the Brewer-Dobson
circulation. Figures 3a and 3c show the seasonal evolution of the climatological Θ at 850 K and 530 K respec-
tively, with positive (negative)Θ representing a poleward (equatorward) advection. At 850 K, the climatology
of Θ is marked by a dipole pattern, with a poleward advection in the subtropics to midlatitudes and an

Figure 3. Seasonal progression of the climatology and QBO composite difference of the meanmeridional circulation termΘ at 850 K (a and b) and at 530 K (c and d).
The unit ofΘ is m s�2. As in Figure 2, the contours represent the corresponding zonal-wind climatologies (±5, 15, 25,…m s�1) and QBO-induced anomalies (±1, 2, 3,
…m s�1), and the hatching indicates the statistical significance.
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equatorward advection at high latitudes. The equatorward advection at high latitudes is associated with the
zonal-meanmeridional velocity v (not shown). This is consistent with the findings of Hitchman and Huesmann
[2009], who found a similar v feature on isentropic levels ranging from ~800 K to 1700 K. At 530 K, the clima-
tologicalΘ is predominately positive throughout the extratropics with a noticeable peak at midlatitudes, indi-
cative of an overall poleward advection.

Figures 3b and 3d show the QBO-induced Θ anomalies at 850 K and 530 K. At 850 K, the Θ anomalies tend to
closely follow the poleward progression of the zonal-wind anomalies (contours), with the positive Θ anoma-
lies migrating poleward from the subtropics to midlatitudes during early to midwinter. The negative Θ
anomalies that initiated near the tropics also migrate poleward to ~40°N during middle to late winter.
These low-latitude anomalies agree with the poleward shift of the QBO-induced meridional circulation
[Jones et al., 1998; Lu et al., 2014]. The poleward migration of these dipole-patterned Θ anomalies also corre-
spond well to the wave-forcing anomalies (Figure 2b). At 530 K, there is no sign of a polewardmigration of the
Θ anomalies. Instead, frommid-November to late February, there is an overall strengthened poleward advec-
tion throughout the extratropics. As the midlatitude Θ anomalies are positive at both levels, they indicate an
overall enhanced poleward advection under QBOe.

Figure 4 shows the seasonal evolution of the climatology of the meridional PV gradient Pφ at 850 K (a) and at
350 K (c), with the corresponding QBO-induced anomalies shown in Figures 4b and 4d, respectively. Note that

Pφ provides some of the key information on the ability of Rossby-wave propagation, with Pφ > 0 permitting

Figure 4. Seasonal progression of the climatology and QBO composite difference of the meridional PV gradient Pφ at 850 K (a and b) and at 350 K (c and d). Pφ has
units of Km2 kg�1 s�1 per degree. Same as in Figure 2, the contours represent corresponding zonal wind climatologies or QBO-induced anomalies, while the
hatching indicates the statistical significance.
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propagation and Pφ < 0prohibiting propagation [Charney and Drazin, 1961] (also, seeWhite et al. [2015] for a

full discussion on the relation between Pφ and the waveguide). In terms of the climatology, Pφ > 0 dominates

the extratropical stratosphere and troposphere during the extended boreal winter. Largest Pφ values are
found near the edge of the polar vortex at ~60°N, 850 K and near the subtropical jet core at ~30°N, 350 K.

The QBO signature in Pφ at 850 K is predominantly marked by the negative Pφ anomalies that migrate pole-
ward from the subtropics to high latitudes during October–February under QBOe. This poleward migration is

in agreement with the other diagnostics presented in Figures 1b, 2b, and 3b. Further, the negative Pφ anoma-
lies in the subtropics at 850 K, which occur throughout the winter period, are an expected feature on the flank
of the QBO westerlies at this level. This is due to the fact that there are strong QBO westerlies equatorward of
weak subtropical westerlies, which help to form a sharp westerly QBO jet profile in the tropics [e.g.,

Shuckburgh et al., 2001]. We also note that positive Pφ anomalies have migrated poleward from 30°N during
middle to late winter, exactly following the shear zone of the zonal-wind anomalies (contours).

At 350 K, thePφQBO anomalies exhibit two key features: the first is the region of polewardmigrating negative

Pφ anomalies at high latitudes, corresponding to the negative Pφ anomalies at 850 K. A seasonal delay is evi-
dent at 350 K when compared to those at 850 K, which is associated with the downward descent of the HTE

over winter (see Figure 1c). Also, the negative Pφ anomalies at high latitudes in middle to late winter are asso-
ciated with the negative polar-vortex anomalies of the HTE. The second key feature is the dipole of positive
and negative anomalies on the poleward and equatorward flanks of the subtropical jet, respectively. They are
associated with the poleward shift of the subtropical jet and indicate a poleward shift of the waveguide in the
midlatitude lower stratosphere throughout the winter. These waveguide anomalies become increasingly sig-
nificant at levels up to 530 K (not shown) and appear to be intensified during late winter.

To examine the effect of the QBO-induced change of the waveguide on wave propagation in the middle stra-

tosphere, the horizontal component of the EP flux F φð Þ ¼ �aσcosφv0u0 at 850 K is analyzed. Note that F(φ)< 0
indicates equatorward wave propagation, and F(φ)> 0 indicates poleward propagation. F(φ), with contribu-
tions from the total wave fluxes, planetary waves (zonal wave numbers 1 and 2) and synoptic waves (zonal
wave numbers 3–10) are shown, respectively, in Figures 5a, 5c, and 5e. We note that these results are not sen-
sitive to our definition of synoptic waves as qualitatively similar results can be obtained if synoptic waves are
defined as waves with zonal wave numbers of 5–10 instead. In the climatology of total wave fluxes
(Figure 5a), F(φ) is predominately equatorward throughout the winter, with largest-magnitude equatorward
fluxes at ~50–60°N and during November–February as the waves are refracted by the strong westerlies near
the edge of the polar vortex. Figure 5c suggests that these fluxes are dominated by planetary waves, whereas
the contribution from synoptic waves is noticeably smaller (Figure 5e). Also note that the region of most
negative synoptic wave F(φ) is located farther equatorward than that of the planetary waves.

The prominent feature of the QBO-induced changes in meridional propagation of the total wave fluxes
(Figure 5b) is the region of anomalous poleward wave propagation throughout the subtropics to midlati-
tudes under QBOe. These anomalies in poleward wave propagation extend to high latitudes in January–
March with noticeably enhanced strength and with magnitudes comparable to its climatological values.

The poleward F(φ) anomalies also follow the boundary between the positive and negative Pφ anomalies
(Figure 4b), indicating a change in horizontal wave propagation associated with a poleward refraction of

the waves due to the negative Pφ anomalies. From Figure 5d it can be seen that planetary waves largely
account for the anomalous poleward-propagating waves in late winter. In early winter, however, the plane-
tary waves only exhibit equatorward F(φ) anomalies at low latitudes which are not in dynamical agreement
with the HTE. The QBO-induced synoptic-wave anomalies are marked by a band of poleward migrating
positive F(φ) anomalies in the subtropics to midlatitudes which occur throughout the extended winter period
and start in September–October (Figure 5f). Note that these anomalies are an order of magnitude smaller

than the planetary-wave anomalies. This feature broadly follows the waveguide shown by the Pφ anomalies
(Figure 4b).

The height-time evolution of F(φ) is shown in Figure 6 with the climatology in contours and the composite
difference in shading. In Figures 6a and 6c, F(φ) is averaged over 30–40°N and is split into wave contributions
from the total and planetary 1–2. Figures 6b and 6d show the same as 6a and 6c except for F(φ) averaged over
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60–70°N. These two latitude bands are chosen to best coincide with the equatorward and poleward branches
of the anomalous EP flux fountain-like feature found by White et al. [2015, Figure 6]. The F(φ) climatology at
30–40°N is everywhere negative indicating equatorward wave propagation, with the largest-magnitude
F(φ) near the tropopause. In the stratosphere, the largest-magnitude values of F(φ) are found during
December–February. Planetary waves mostly account for the stratospheric F(φ) and also some toward the
F(φ) near the tropopause. In the composite difference at 30–40°N, the total F(φ) (Figure 6a) shows negative
anomalies from early November to March, indicating anomalous equatorward wave propagation toward
the zero-wind line in the lower stratosphere. There are also small-valued positive anomalies, indicating
poleward wave propagation above 600 K. Planetary waves account for the early to midwinter lower

Figure 5. Seasonal progression of the climatology and QBO composite difference of the horizontal component of the EP flux F(φ) at 850 K, where (a and b) are the
total F(φ), (c and d) the planetary wave (i.e., waves 1 and 2) contribution, and (e and f) the synoptic wave (i.e., waves 3–10) contribution. The units of F(φ) are in
kgm K�1 s�2. Same as in Figure 2, the contours represent corresponding zonal wind climatology or QBO-induced anomalies, while the hatching indicates statistical
significance. Note the difference in magnitudes of the colorbars between the total- and planetary-wave panels and the synoptic-wave panel.
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stratospheric anomalies (Figure 6c), whereas we note that synoptic waves contribute toward the late winter
anomalies (not shown).

At 60–70°N, the climatological total F(φ) (Figure 6b) shows a vertical dipole pattern, with equatorward wave
propagation in the middle stratosphere, likely due to refraction by the strong polar vortex, and smaller-
magnitude poleward wave propagation in the lower stratosphere. This dipole persists throughout the winter,
attaining largest magnitudes during November–February. It appears that planetary waves fully account for
the climatological F(φ), with synoptic waves only playing a minor role near the tropopause at this latitude
band (not shown). The composite difference is mainly marked by positive anomalies, indicating enhanced
poleward wave propagation under QBOe, in dynamical agreement with the HTE. These high-latitude anoma-
lies in the lower stratosphere are dominated by planetary waves (Figure 6d) and appear to occur approxi-
mately 1month later than the equatorward anomalies at 30–40°N (Figures 6a and 6c). This suggests that
these midwinter high-latitude planetary-wave anomalies may be induced by the enhanced wave breaking
near the subtropical zero-wind line and consequent poleward wave refraction/reflection in early winter
[Tung, 1979]. In the middle stratosphere, the signal is mainly found in late winter, with enhanced anomalous
poleward wave propagation that is again accounted for by planetary waves. This feature is in agreement with
Figure 5d. The region of positive anomalies in October at 500–700 K is relatively small valued, occurring prior
to the onset of the HTE and hence likely plays a minimal role. We note that there is no significant contribution
from synoptic waves in this latitude band (not shown).

To examine the changes of wave activity near the zero-wind line, the enstrophy budget (equation (3)) at 530 K
for the November–January average is shown in Figure 7, for the latitude range of 10–50°N. Figure 7a shows

the climatology of each of the individual terms that contribute to the enstrophy tendency (∂ P02=2
� �

=∂t ).

Figure 6. (a and c) Seasonal progression of the climatology (contours) and composite difference (shading) of F(φ) averaged over 30–40°N in a time-height cross
section for total-wave (Figure 6a) and planetary-wave 1 and 2 (Figure 6c) contributions. Positive values indicate poleward wave propagation, whereas negative
values indicate equatorward propagation. Climatological contours are at �0.01, �0.05, �0.1, �0.15, �0.5, �1, �2, �3,…×109 kgm K�1 s�2. (b and d) Same as
Figures 6a and 6c except averaged over the latitude band of 60–70°N for the total (Figure 6b) and planetary-wave 1 and 2 (Figure 6d) contributions, and with
climatological contours at ±0.1, 0.5, 1, 2, 3,…×108 kgmK�1 s�2. Hatching as in Figure 1.
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Although of small magnitude, the enstrophy tendencies are generally positive and increase with latitude.
These small enstrophy tendencies result from a cancelation between the noticeably larger terms on the
right-hand side of equation (3). In particular, downgradient eddy PV fluxes (ΓWMI> 0) contribute positive
enstrophy tendencies which increase wave amplitudes, while dissipatory effects (D2) act to induce negative
enstrophy tendencies and hence reduce wave amplitudes. In terms of the nonlinear terms, the zonal and
meridional eddy enstrophy fluxes (ΓZEEF and ΓMEEF) tend to balance each other, with approximately equal
and opposite contributions to the overall enstrophy tendency.

Figures 7b–7f show the individual terms in the enstrophy budget under QBOe and QBOw. It is evident that
the magnitude and the variability associated with each term is generally larger under QBOe than QBOw.
More specifically, there is significantly enhanced positive enstrophy tendencies throughout 15–35°N
(Figure 7b) under QBOe, indicating an overall larger wave activity in this region. Increased downgradient
eddy PV fluxes (ΓWMI> 0) (Figure 7c) and enhanced negative dissipatory effects (D2< 0) (Figure 7f) are
found throughout 10–45°N under QBOe. Increased divergence of meridional eddy enstrophy fluxes
(ΓMEEF< 0) is found near the QBOe zero-wind line (15–25°N) (Figure 7d) along with convergent zonal eddy
enstrophy fluxes (ΓZEEF> 0) (Figure 7e). The net effect of these nonlinear terms is a divergence of eddy
enstrophy fluxes away from the zero-wind line. Enhanced convergence of meridional eddy enstrophy

Figure 7. (a) November–January climatology of each of the terms in the enstrophy balance (equation (3)) at 530 K, over the latitude band of 10–50°N. Each term is
presented as a contribution to the enstrophy tendency ∂ P02=2

� �
=∂t (solid black line), with the dashed, dotted, dash-dotted, and solid grey lines representing the

up/downgradient eddy PV flux term ΓWMI, meridional eddy enstrophy flux term ΓMEEF, zonal eddy enstrophy flux term ΓZEEF, and dissipatory effects D2 calculated as
the residual of the other terms, respectively. Note that positive values indicate positive enstrophy tendencies (i.e., local wave growth) and vice versa. Units in

K2m4 kg�2 s�3. (b–f) November–January average of each of the terms ∂ P02=2
� �

=∂t, ΓWMI, ΓMEEF, ΓZEEF, and D2, respectively, under QBOe (blue) and QBOw (red)

conditions. As in Figure 7a, each term is calculated as its contribution to ∂ P02=2
� �

=∂t. Shaded regions indicate the 95% confidence intervals under each QBO
phase, colored accordingly. Vertical black dashed line indicates the location of the zero-wind line under QBOe. Grey horizontal dashed line indicates a value of
∂ P02=2
� �

=∂t ¼ 0 for reference. Units as in Figure 7a.
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fluxes (ΓMEEF> 0) is indeed found farther northward at 30–40°N, which is approximately balanced by
increased divergent zonal eddy enstrophy fluxes (ΓZEEF< 0). This indicates a nonlinear enstrophy transfer
between the zonal and meridional directions under QBOe. Note that the nonlinear terms are an order of
magnitude smaller under QBOw at these latitudes, suggesting that the climatological values of these terms
(Figure 7a) are dominated by QBOe. Thus, nonlinear wave-wave interactions in the lower stratosphere are
significantly enhanced under QBOe and the effect extends from the zero-wind line to midlatitudes.

To understand how changes in the waveguide in the stratosphere can modulate the upward propagation of
wave activity from the troposphere and to determine if the anomalous horizontal-propagating waves at
850 K and in the lower stratosphere can be attributed to changes in wave activity below, the vertical compo-
nent of the EP flux F(θ) at 350 K is examined in Figure 8. The 350 K level is chosen to represent wave propaga-
tion from the troposphere to the stratosphere as it represents one of the “middle-world” isentropic levels that
crosses the tropopause (near 30°N) but does not reach down to the surface [e.g., Hoskins, 1991]. Qualitatively
similar results are found on surrounding isentropic surfaces ranging from 300 K to 395 K (not shown), corre-
sponding to the lower levels of the fountain-like feature in the EP fluxes shown by White et al. [2015]. The
seasonal evolution of the climatology of F(θ) and their associated QBO composite differences is separately
presented for the total, stationary planetary, transient planetary, and synoptic-wave contributions, which
we hereafter refer to as total F(θ), stationary F(θ), transient planetary F(θ), and synoptic F(θ) for brevity. The most
prominent feature of the climatological total F(θ) (Figure 8a) is the upward propagation of wave activity (indi-
cated by positive F(θ)), which extends from ~30°N on the poleward flank of the subtropical jet to ~60°N and
persists throughout the winter period, peaking during November–February. Both the climatological station-
ary planetary waves (Figure 8c) and synoptic waves (Figure 8g) account for the total upward propagation of
wave activity with ~50% each, while the transient planetary-wave contribution (Figure 8e) is approximately
an order of magnitude smaller in terms of the climatology. On the equatorward flank of the subtropical jet,
however, there are negative values of F(θ), indicative of downward wave propagation. We note that these
negative values at 10–25°N are located in the troposphere at this level and so are subject to influences such
as the change in lapse rate across the tropopause. Because there is no QBO signal in this region (see
Figures 8b, 8d, and 8f) and because it would digress from the main aims of this paper, we shall ignore this
subtropical region of climatological negative F(θ) hereafter.

Figure 8b suggests that there is an overall anomalous increase in the total upward propagation of wave activ-
ity at midlatitudes throughout the winter period under QBOe, extending farther poleward in early winter than
in late winter. The stationary F(θ) (Figure 8d) exhibits three centers of enhanced anomalous upward-propagat-
ing wave activity, at 30–40°N in October–December, 50–65°N in November–January, and poleward of 65°N in
January–February. These anomalies indicate a poleward migration of the wave activity over winter and are
dynamically agreeable to the HTE. The QBO-induced changes in transient planetary F(θ) (Figure 8f) are marked
by the negative anomalies at high latitudes during January–February with magnitudes comparable to its
climatology, indicative of less upward transient planetary-wave propagation inside the polar vortex under
QBOe. This is agreeable to the change in high-latitude waveguide associated with the wind structure of
the HTE itself (Figure 4d). It is worth noting that unlike the climatology, the magnitude of these transient
planetary F(θ) anomalies is comparable to the stationary F(θ) anomalies indicating that the QBO has a signifi-
cant effect on transient planetary waves at high latitudes after the onset of the HTE. The difference plot of
synoptic F(θ) suggests that enhanced upward synoptic-wave propagation under QBOe is in close proximity
to the poleward shifted subtropical jet and the corresponding poleward shift of the waveguide in the region,
with the largest upward anomalies occurring in late winter. We note that these synoptic-wave anomalies are
contributed to mostly by zonal wave numbers 3 and 4 (not shown). Overall, these QBO-induced F(θ) anoma-
lies indicate that there is a clear seasonal progression of the different wave types, and eachmay play different
roles in early and late winter.

Figure 9 allows us to examine the vertical extent of the upward-propagating wave-activity anomalies by
showing the vertical seasonal evolution of the stationary F(θ), transient planetary F(θ), and synoptic F(θ) over
the latitude bands where the strongest QBO signatures are found in Figure 8. Figure 9a shows the climatol-
ogy (contours) and QBO-induced anomalies (shading) of the stationary F(θ) averaged over the latitude band
of 50–60°N in a time-height cross section. In the climatology, the stationary F(θ) is upward throughout
350–850 K during the extended winter period, but with a distinct seasonal cycle; it penetrates weakly into
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Figure 8. Seasonal progression of the climatology and QBO composite difference of the vertical component of the EP flux F(θ) at 350 K, where (a and b) are the total
F(θ), (c and d) the stationary planetary-wave contribution, (e and f) the transient planetary-wave contribution, and (g and h) is the synoptic-wave contribution. The
contours represent corresponding zonal-wind climatology or QBO-induced anomalies, while the hatchings indicate the statistical significance, as in Figure 2. Units of
F(θ) are in kg s�2. Note the difference in color scale between the climatologies in the left-hand panels and the composite difference in the right-hand panels. The
climatologies are approximately 5 times larger than the composite differences.
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the stratosphere in September–
October, before reaching higher
isentropic levels during November–
February and finally starting to be
capped again in the upper troposphere-
lower stratosphere from March. This is
consistent with the classic theory for
upward-propagating planetary waves
[Charney and Drazin, 1961], whereby,
for instance, it can be estimated that
for stationary planetary-wave 1, the
thresholdwind speed forwave propaga-
tion at 60°N is ~28m s�1 (compare with
Figure 1c) [Andrews et al., 1987]. In the
composite difference, the predominant
feature is the positive F(θ) anomalies
during November–December, indica-
tive of enhanced upward-propagating
stationary-wave activity. These positive
anomalies penetrate up to ~530 K in late
November, becoming much weaker
above this level.. This is suggestive of
the upward propagation of wave activ-
ity being modulated in some way in
the lower stratosphere, most likely by
the changes in the wind structure and
circulation. We also note the negative
anomalies in March, which are dynami-
cally consistent with the positive wind
anomalies in the same period.

Figure 9b shows the vertical seasonal
evolution of the climatology (contours)
and composite difference (shading) of
the transient planetary F(θ) averaged
over 60–80°N. Note that the climatologi-
cal transient planetary F(θ) is an order
of magnitude smaller than that of
the stationary F(θ), as in Figure 8e.
Nevertheless, it exhibits a similar seaso-
nal cycle to the stationary F(θ) with the
waves penetrating deepest into the stra-
tosphere during November–February.
The QBO-induced anomalous transient
planetary F(θ) is characterized by the
small and relativelybrief positive anoma-
lies in early winter, which extend into
the lowermost stratosphere (~400 K).
During January–February, there are
negative anomalies that extend from
the troposphere to the middle strato-
sphere. While the early winter positive
anomalies may contribute toward the
initial onset of the HTE, the late winter

Figure 9. (a) Seasonal progression of the climatology (contours) and com-
posite difference (shading) of the stationary planetary-wave contribution
to F(θ) averaged over the latitude band of 50–60°N in a time-height cross
section. Positive values indicate upward fluxes of wave activity, whereas
negative values indicate downward fluxes. Contours in the climatology
have an interval of 0.2 × 105 kg s�2. (b) Same as Figure 9a except for the
transient planetary-wave contribution to F(θ) averaged over 60–80°N with
a climatological contour interval of 0.5 × 104 kg s�2. (c) Same as Figure 9a
except for the synoptic-wave contribution to F(θ) averaged over 35–50°N.
Note the difference in climatological contour interval between Figures 9a
and 9c and 9b.
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negative anomalies indicate that less transient planetary waves are able to enter the stratosphere at high
latitudes due to the seasonal change in the wind structure associated with the HTE.

The climatology (contours) and composite difference (shading) of the synoptic F(θ) averaged over 35–50°N in
the time-height cross section is shown in Figure 9c. In the climatology, the synoptic F(θ) is capped mostly
within the troposphere, which is perhaps expected according to the theory of Charney and Drazin [1961].
In the composite difference however, positive synoptic F(θ) anomalies extend from 350 K to ~530 K in late
winter with values that are comparable to its climatology in the stratosphere, suggesting that more synoptic
waves are able to propagate into the stratosphere if the background state is changed favorably under QBOe.
As such, the effect is enhanced after the onset of the HTE.

To better understand the later-winter transient-wave response to the HTE, we further elucidate on the QBO
modulation of the upward propagation of these waves across the tropopause by analyzing phase-speed
spectra of F(θ) at 350 K over December to March (DJFM) (Figure 10). It shows the climatology (red and blue
contours) and composite difference (shading) of the latitude-phase-speed cospectrum, summed over zonal
wave-numbers 1–10 (Figure 10a), 1 and 2 (Figure 10b), 3 and 4 (Figure 10c), and 5 and 10 (Figure 10d). In
the climatologies, the key features are the dipole patterns centered on the subtropical jet core near 30°
N, with upward wave propagation at ~30–70°N and downward wave propagation at ~10–25°N (see
Figure 8). It shows that eastward-propagating waves dominate the climatological synoptic wave (waves
5–10) and intermediate-wave (waves 3 and 4) cospectra, with the largest-magnitude cospectra having
phase speeds of c≈ 10–15m s�1. In the planetary-wave (waves 1 and 2) cospectrum, however, the
largest-magnitude cospectrum values occur at phase speeds smaller than the minimum resolved phase

Figure 10. (a) Latitude-phase-speed cospectra of the DJFM climatology (red and blue contours) and QBO composite difference (shading) of the vertical component
of the EP flux F(θ) at 350 K for zonal wave-numbers 1–10. Climatological red contours are at 750, 1500, 2250,… kg s�2, and blue contours are at�200,�400,�600,…
kg s�2. Cospectra for phase speeds |c| ≤ 4m s�1 are not plotted because such phase speeds cannot be resolved reliably by this analysis. (b–d) Same as Figure 10a
except for zonal-wave numbers 1 and 2 (i.e., planetary wave), zonal-wave numbers 3 and 4 (i.e., intermediate wave), and zonal-wave numbers 5–10 (i.e., synoptic
wave) contributions to Figure 10a. Cimatological contours in Figures 10b–10d have an interval of 300, 600, 900,… kg s�2 and �100, �200, �300,… kg s�2,
respectively. The thick black line indicates the climatological zonal-mean zonal wind ū, whereas the thin and dashed black lines indicate ū averaged over the QBOw
and QBOe DJFM periods, respectively. Hatchings are as in Figure 1.
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speed of ~4m s�1. This is suggestive of quasi-stationary (c≈ 0m s�1) planetary waves being a large
contributor to the total upward planetary-wave cospectrum. Also, note that the peaks in the F(θ) cospectra
of waves 1 and 2 and waves 3 and 4 are located farther poleward than that of the waves 5–10. This is in
qualitative agreement with Figure 8, indicating that low wave-number waves are more likely to propagate
into the stratosphere at high latitudes than high wave-number waves. Overall, the cospectra for all wave-
number bands appear to be broadly confined to eastward phase speeds smaller than the critical phase
speed ū= c, as predicted by linear theory.

In the extratropics, the QBO modulation of the upward-propagating transient wave activity across the tropo-
pause is identified primarily at two distinct latitude bands: reduced upward transient wave propagation (i.e.,
negative anomalies) at high latitudes associated with both westward and eastward-propagating waves and
enhanced upward wave propagation (i.e., positive anomalies) at midlatitudes which is largely associated with
synoptic-scale eastward-propagating waves. At high latitudes, the negative westward anomalies with phase
speeds of c=�4 to�10m s�1 are accounted for mainly by waves 1 and 2, implying that planetary waves are
responsible for those changes. This is in agreement with the negative transient planetary-wave anomalies at
high latitudes seen in Figures 8f and 9b. Further, the negative cospectrum anomalies associated with both
westward (c=�10 to �20m s�1) and eastward (c=10–20m s�1) phase speeds near 60–70°N have compar-
able magnitudes, indicating a decrease in standing planetary waves at those latitudes. In addition, waves 3
and 4 contribute to the negative eastward anomalies at 60–70°N. Note that these negative eastward anoma-
lies occur at faster phase speeds than the critical line ū= c, suggesting a possible breakdown of the linear
theory and a transition into a nonlinear wave regime. Overall, these cospectra anomalies suggest that under
QBOe, there is an increase in upward eastward-propagating synoptic waves at midlatitudes and a reduction
in westward-propagating and standing planetary waves at high latitudes during DJFM, which occur as a
consequence to the circulation and waveguide changes associated with the early to midwinter HTE.

4. Summary and Discussion

The seasonal evolution of the Holton-Tan effect (HTE) and its mechanisms have been studied via examining
changes in the extratropical circulation and wave forcing during the extended Northern Hemisphere winter
(September–March). This has been accomplished using the ERA-Interim reanalysis data set and a range of
wave-mean-flow interaction and wave-wave interaction diagnostics in isentropic coordinates. It shows that
quasi-stationary planetary waves, transient planetary waves, and synoptic waves all play a role at different
stages throughout the winter. In particular, stationary planetary waves play a role in early winter, whereas
transient planetary waves and synoptic waves are modulated in late winter due to the early winter onset
of the HTE. Both linear and nonlinear wave interactions have also been found to play a role in the QBO
modulation of wave activity in the lower stratosphere under QBOe.

Our results indicate that in the lower stratosphere, early winter (October–December) is characterized by
increased upward stationary planetary-wave propagation from the troposphere into the stratosphere under
QBOe. Transient planetary waves also play a minor role, whereas synoptic waves do not appear to contribute
to the onset of the HTE in the lower stratosphere. This enhanced upward flux appears to be due to a combi-
nation of two mechanisms: (1) the QBO's influence on the zero-wind line in the lower stratosphere which
encourages more upward stationary planetary-wave propagation [Holton and Tan, 1980] and (2) the QBO-
inducedmeridional circulation induces downward-arching baroclinic zonal-wind anomalies in the subtropics
midlatitudes, which lead to a poleward shift of the subtropical jet and corresponding waveguide, and thus
encourages more upward wave propagation across the tropopause “valve” [Chen and Robinson, 1992]. It is
nevertheless difficult to quantify the relative contributions of each of these two mechanisms for causing
enhanced upward wave propagation across the tropopause solely from reanalysis data and also given the
fact that the poleward shift of the waveguide near the subtropical jet is stronger in late winter than in
early winter.

The enhanced upward-propagating waves into the lower stratosphere form a fountain-like feature in the
Eliassen-Palm (EP) fluxes, whereby there are equatorward-propagating waves toward the zero-wind
line and poleward-propagating waves toward the polar vortex, as shown in White et al. [2015]. Here it is
found that this fountain-like feature evolves throughout the winter, with equatorward-propagating wave
anomalies in November and poleward-propagating wave anomalies occurring approximately 1month later.
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The enstrophy budget analysis suggests
that both linear and nonlinear effects
contribute to this enhanced meridional
propagation of wave activity under
QBOe, with the nonlinear effects being
much reduced under QBOw. The zero-
wind line under QBOe appears to act
as an absorber of wave activity, indi-
cated by increased downgradient eddy
PV fluxes (approximately EP flux conver-
gence) [Haynes, 1989]. There is also
evidence of possible nonlinear wave
reflection under QBOe, with enhanced
divergent meridional eddy enstrophy
fluxes near the zero-wind line. The net
effect of the nonlinear eddy enstrophy
fluxes near the zero-wind line is to
apply negative enstrophy tendencies
and hence reduce the enstrophy locally,
in agreement with Robinson [1988].
These meridional eddy enstrophy fluxes
converge at midlatitudes and induce
further nonlinear wave-wave interac-
tions in this region. This is seemingly in
agreement with the lifecycle of a critical
layer where wave activity is first
absorbed and then reflected and over-
reflected, becoming a perfect reflector
in the long-time limit [Killworth and
McIntyre, 1985]. The enhanced wave
breaking associated with the fountain-
like feature under QBOe, as evidenced
by enhanced enstrophy growth
throughout the subtropics to midlati-
tudes, is consistent with a stronger
meridional circulation in the lower stra-
tosphere, which aids in the high-latitude
warming and weaker polar vortex. The
fountain-like feature and the associated
wave growth/breaking is shown sche-
matically in Figure 11a.

In themiddle stratosphere, early winter is
instead characterized by predominately
poleward wave propagation (Figure 11a).
More specifically, waves that propagate
into the middle stratosphere are
refracted poleward by the subtropical
negative PV gradient induced by the
presence of the strong equatorial QBO
westerlies [Shuckburgh et al., 2001] near
700–850 K. These waves consequently
converge at high latitudes and thus
weaken the polar vortex. A feedback

Figure 11. (a) Schematic diagram showing the early winter HTE. The
equatorial vertical wind dipole pattern with the blue (E; easterly) and
red (W; westerly) anomalies represents the QBO winds, and the thin
dashed black line is the QBO-induced critical line. The blue oval at high
latitudes represents the weakened polar vortex under QBOe (i.e., the HTE),
and the red oval near the tropopause (i.e., thick black line) at 30°N
represents the approximate location of the subtropical jet (SJ). The
vertically-sheared red and blue shaded regions that arch down from the
QBO winds to near the tropopause represent the downward arching
zonal winds associated with the QBO-induced meridional circulation. The
grey shaded region represents anomalous wave growth (i.e., wave
breaking) (∂P02=∂t > 0). The grey arrows indicate the approximate
direction of anomalous synoptic wave (SW) and anomalous stationary
planetary wave propagation, whereas the thick orange arrow from the
subtropics to high latitudes represents the enhanced wave-driven
meridional circulation under QBOe. The heavy dashed black oval at
20–30°N represents the negative PV gradient anomalies which act to
reflect SW's poleward. (b) Schematic diagram of the late winter HTE.
Anomalous reduced upward travelling planetary waves can be seen at
high latitudes. See text for further details.
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process appears to cause an overall poleward migration of the upper level anomalies during the winter,
whereby the refracted waves break at middle to high latitudes, driving a stronger poleward meridional circu-
lation, which in turn “drags” poleward the subtropical negative PV gradient and induces latitudinal shifts in the
regions of wave propagation and breaking. These results in themiddle stratosphere are in agreement with the
mechanism proposed by Garfinkel et al. [2012] and Lu et al. [2014]. Additionally, our results further indicate that
the poleward-propagating waves are dominated by synoptic waves in October–January with planetary waves
only becoming important during January–March. These synoptic waves may be generated in situ in the QBO
westerlies in the middle stratosphere as found by Shuckburgh et al. [2001]. Overall, the enhanced wave
breaking in the lower and middle stratosphere acts to strengthen the meridional circulation which aids in
the adiabatic warming at high latitudes and concurrently the weaker polar vortex associated with the HTE.

The early winter onset of the HTE in turn affects the high-latitude waveguide and hence the late winter
(January–March) upward propagation of wave activity from the troposphere. This is because the polar-vortex
anomalies associated with the HTE descend down to the tropopause region in midwinter, which conse-
quently affects the high-latitude waveguide (Figure 11b). Under QBOe, this manifests as a decrease in upward
transient and standing planetary waves at high latitudes and an increase in upward synoptic waves at mid-
latitudes. This feature is in agreement with the modeling experiments of Lachmy and Harnik [2014], who
found that a poleward shift of the subtropical jet causes a decrease in westward-propagating planetary
waves at high latitudes and an increase in synoptic waves at midlatitudes. These results can therefore be used
to explain the aforementioned findings of previous authors that showed variations in wave-1 and wave-2
anomalies during the winter season calculated using only seasonal averages [e.g., Holton and Tan, 1982;
Hu and Tung, 2002; Naito and Yoden, 2006; Naoe and Shibata, 2010].

It is understood that the QBO has the potential to provide improved predictability of the surface weather at sea-
sonal to interannual timescales [Boer and Hamilton, 2008; Marshall and Scaife, 2009; Smith et al., 2012]. It also
plays a crucial role in other teleconnections, including the joint effect of the 11 year solar cycle and the QBO
on the polar vortex [e.g., Labitzke and van Loon, 1988; Lu et al., 2009]. Understanding the pathways by which
the QBO affects the extratropical circulations, therefore, is a key step toward explaining other related changes
in both the stratosphere and the troposphere. This study has contributed toward this goal through a compre-
hensive examination of the seasonal evolution of the HTE and its associated changes in wave activity using a
range of isentropic diagnostics. Further work is needed to ensure the validity of these findings, especially with
the use of controlled model experiments, which would allow a better examination of the causal links between
the different mechanisms. Additionally, this study only used isentropic data extending into the middle strato-
sphere (850K). To better understand the influence of the QBO on the extratropical circulation throughout
the depth of the stratosphere, future studies must include isentropic data in the upper stratosphere.
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