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ABSTRACT

Wave–mean flow interactions associated with the Holton–Tan effect (HTE), whereby the tropical quasi-

biennial oscillation (QBO) modulates the Northern Hemisphere wintertime stratospheric polar vortex, are

studied using the ERA-Interim dataset. Significant evidence of the HTE in isentropic coordinates is found,

with a weaker and warmer polar vortex present when the lower-stratospheric QBO is in its easterly phase

(QBOe). For the first time, the authors quantify the QBOmodulation of wave propagation, wave–mean flow

interaction, and wave decay/growth via a calculation of potential vorticity (PV)-based measures, the zonal-

meanmomentumbudget, and up-/downgradient eddy PV fluxes. The effect of the tropospheric subtropical jet

on QBO modulation of the wave activity is also investigated. In the subtropical-to-midlatitude lower

stratosphere, QBOe is associated with an enhanced upward flux of wave activity, and corresponding wave

convergence and wave growth, which leads to a stronger poleward zonal-mean meridional circulation and

consequently a warmer polar region. In the middle stratosphere, QBOe is associated with increased poleward

wave propagation, leading to enhanced wave convergence and in situ wave growth at high latitudes and

contributing to the weaker polar vortex. In agreement with recent studies, the results suggest that the critical-

line effect cannot fully account for these wave anomalies associated with theHTE. Instead, it is suggestive of a

new, additional mechanism that hinges on the QBO-induced meridional circulation effect on the latitudinal

positioning of the subtropical jet. Under QBOe, the QBO-induced meridional circulation causes a poleward

shift of the subtropical jet, encouraging more waves to propagate into the stratosphere at midlatitudes.

1. Introduction

Themost prominent feature of thewinter stratosphere is

the polar vortex: the cyclonic westerly winds that circum-

navigate the pole, playing an important role in the dy-

namical circulation and the distribution of trace gases (e.g.,

Plumb 2002). The polar vortex can initiate tropospheric

changes, including the transfer of tropical variations to

midlatitudes, an altering of the storm tracks, and a mod-

ulation of near-surfaceweather patterns (e.g., Baldwin and

Dunkerton 2001; Thompson et al. 2002; Bell et al. 2009),

via a downward migration of zonal-mean zonal wind and

temperature anomalies. Thus, understanding the physical

mechanisms that cause variations of the polar vortex is

vital to studying climate variability.

The quasi-biennial oscillation (QBO), an oscillation

of easterly and westerly jets in the tropical stratosphere
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that descends from 3 to 70hPa over a period of approx-

imately 28 months, is one of the major factors that affect

interannual variability of the polar vortex (Baldwin et al.

2001). One intriguing feature of the Northern Hemi-

sphere (NH) winter is a phenomenon known as the

Holton–Tan effect (HTE; Holton and Tan 1980),

whereby a stronger polar vortex exists when the QBO in

the lower stratosphere (;50hPa) is in its westerly phase

(QBOw), and, conversely, a weaker polar vortex exists

when the QBO is in its easterly phase (QBOe; Holton

and Tan 1980). The HTE also holds when the QBO is

defined by the vertical wind shear between 50 and

70 hPa, but it tends to be weaker for the QBO defined at

other levels (Hitchman and Huesmann 2009, hereafter

HH09). The HTE has been confirmed by observational

studies (e.g., Dunkerton and Baldwin 1991; Naito and

Hirota 1997; Lu et al. 2008, 2014) as well as by both

mechanistic (e.g., O’Sullivan andYoung 1992; Naito and

Yoden 2006; Pascoe et al. 2006) and complex general

circulation models (e.g., Calvo et al. 2009; Marshall and

Scaife 2009). However, the mechanism behind the HTE

is still under debate (e.g., Naoe and Shibata 2010;

Yamashita et al. 2011; Garfinkel et al. 2012; Lu

et al. 2014).

The polar vortex is most sensitive to planetary-scale

Rossby waves propagating upward from the troposphere

(e.g., McIntyre 1982). In extreme cases, these wave dis-

turbances can cause rapid breakdowns of the vortex and

rising temperatures in the polar stratosphere, a phe-

nomenon known as a stratospheric sudden warming

(SSW; Labitzke 1982). It has been found that SSWs tend

to occur more frequently under QBOe than under

QBOw conditions (e.g., Dunkerton and Baldwin 1991;

Naito andHirota 1997; Lu et al. 2008); thus, it is natural to

suspect that a QBO modulation of planetary waves is

responsible for the changes in the frequency of SSWs and

the overall polar vortex strength (Holton and Tan 1980;

Calvo et al. 2009).

A number of mechanisms have been proposed for the

HTE, the most well-known of which was proposed by

Holton and Tan (1980). It involves changes in the width

of the extratropical waveguide and, consequently, the

propagation of quasi-stationary planetary waves as a

result of a latitudinal shift in the subtropical critical line

(Holton and Tan 1980). Under QBOe conditions, the

critical line in the lower stratosphere is located farther

poleward in the NH, resulting in a narrower extra-

tropical waveguide and, hence, a confinement of upward

planetary wave fluxes from the troposphere to the

stratosphere, to high latitudes. Furthermore, waves with

small enough amplitude are reflected poleward by the

critical line, causing a more disturbed polar vortex

(Tung 1979). Conversely, under QBOw, the critical line

is located in the summer hemisphere, resulting in a lat-

itudinally wider extratropical waveguide and allowing

for more wave propagation away from the polar vortex.

This leads to a less-disturbed, stronger, and colder vor-

tex. This mechanism is referred to as the HTmechanism

herein.

Efforts to verify the HT mechanism have not been

very successful. For instance, Holton and Tan (1982)

examined the Eliassen–Palm (EP) fluxes and EP flux

divergence but could not establish statistically significant

differences between different QBO phases. Dunkerton

and Baldwin (1991) found that the QBO modulation of

the EP flux was consistent with the observed wind

anomaly but that there were only marginal differences

in planetary wave amplitudes and the number of plan-

etary wave events between the two QBO phases. Mod-

eling studies have suggested that the QBO does cause

changes in planetary wave amplitude in addition to

changes in the EP flux and EP flux divergence (e.g.,

Holton and Austin 1991; Naito and Yoden 2006; Calvo

et al. 2009; Watson and Gray 2014), although exactly

how the QBO induces these wave changes remains un-

clear (Anstey and Shepherd 2014).

There have been a number of recent studies that have

suggested that the changes in EP fluxes between QBOe

and QBOw may be caused by something other than a

change of waveguide in the lower stratosphere (e.g.,

Naoe and Shibata 2010; Yamashita et al. 2011; Garfinkel

et al. 2012; Lu et al. 2014). For instance, Naoe and Shibata

(2010) found quite the opposite to the HT mechanism;

planetary waves tend to propagate more equatorward and

upward in the midlatitude lower stratosphere under

QBOe than under QBOw. By imposing easterly wind

anomalies at different altitudes throughout the tropical

stratosphere, Gray et al. (2001, 2004) found that the polar

winds and temperatures aremost sensitive towind changes

in the tropical and subtropical upper stratosphere, with

easterly anomalies in the tropical upper stratosphere

leading to an earlier onset of SSWs in comparison to their

control simulations. These authors suggested that plane-

tary waves of deep vertical structure are modulated by the

subtropical upper-stratospheric wind anomalies associated

with the QBO modulation of the critical line in the upper

stratosphere.

Another mechanism, related to the QBO-induced

secondary meridional circulation and the effect it has

on wave propagation in the middle-to-upper strato-

sphere, has been suggested by Ruzmaikin et al. (2005)

and recently supported by Garfinkel et al. (2012) and Lu

et al. (2014). In this mechanism, an anomalously strong

meridional circulation under QBOe creates a barrier for

equatorward wave propagation in the middle-to-upper

stratosphere, hence encouraging poleward planetary wave
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propagation and resulting in enhanced EP flux conver-

gence at high latitudes. Such modulation is not consis-

tent with the HT mechanism, whereby, along with an

overall poleward shift of upward-propagating wave ac-

tivity, vertically alternating poleward, equatorward, and

poleward wave propagation in the lower, middle, and

upper stratosphere, respectively, is expected. However, a

modeling study by Gray et al. (2003) found that a dis-

turbed polar vortex can also be generated when a ver-

tically deep easterly wind anomaly is imposed in the

tropics. They consequently suggested that the QBO-

induced meridional circulation, which is associated

with a vertical wind shear in the tropics, is not required

to produce the HTE and that instead the change in

waveguide throughout the depth of the stratosphere

associated with a critical-line shift is needed.

In studying the HTE, the most frequently used mea-

sures of wave activity are the EP fluxes and EP flux di-

vergence, which give an indication of the net direction of

wave propagation and wave drag imposed on the mean

flow, and the refractive index, which identifies regions

where wave propagation, wave absorption, and wave at-

tenuation occur (e.g., Naoe and Shibata 2010; Garfinkel

et al. 2012; Lu et al. 2014). An alternative way of mea-

suring the wave–mean flow interaction involves potential

vorticity (PV). In the absence of diabatic heating and

friction, PV is conserved and advected along isentropic

(i.e., potential temperature) surfaces so that there is no

cross-isentropic movement of air (Haynes and McIntyre

1987). These properties make PV an ideal quantity to

describe Rossby wave propagation in terms of meridio-

nally displaced air parcels. Also, the meridional gradient

of PV is an important parameter determining the re-

fractive index (Matsuno 1970). Positive gradients, such as

those associated with a positive wind shear, favor wave

propagation, whereas negative gradients imply wave

breaking (McIntyre and Palmer 1983).

PV-based metrics have been used to diagnose wave

breaking both in the troposphere (e.g.,Martius et al. 2007;

Kunz et al. 2009) and the stratosphere (e.g., Baldwin

and Holton 1988; Abatzoglou and Magnusdottir 2007;

Hitchman and Huesmann 2007, HH09). For instance,

Baldwin and Holton (1988) studied the climatology of

planetary wave breaking at 850K in the NH winter by

defining wave breaking as a reversal in the meridional

PV gradient. Studies have also utilized eddy fluxes of PV

along isentropic surfaces to examine the diffusive prop-

erties of wave forcing (e.g., Butler et al. 2011; Birner et al.

2013). Birner et al. (2013) used the up-/down-PV-gradient

eddy PVfluxes to investigateRossbywave decay/growth

in the vicinity of the tropospheric subtropical jet. How-

ever, there has been limited work that studies the HTE

using PV on isentropic levels. One exception is HH09

who calculated a series of PV-based measures to de-

termine the QBO modulation of Rossby wave propa-

gation and breaking, finding a significant HTE during

1979–2002 in the reanalysis datasets they used.

The main objectives of this study are threefold: 1) to

provide a comprehensive description of the climatology

andQBOmodulation of wave–mean flow interactions in

the lower to middle stratosphere using an isentropic

coordinate framework; 2) to extend the work of HH09

using a longer (1979–2012) and higher-resolution re-

analysis dataset; and 3) to identify/corroborate a plau-

sible mechanism that can explain why the HTE is

strongly associated with the lower-stratospheric QBO in

NH winter. To complete these objectives, we examine

both the December–February (DJF)-mean climatology

and composite differences of a series of PV-based

measures developed by HH09, EP flux diagnostics,

and eddy fluxes of PV. The majority of our analyses are

based on the zonal-mean momentum budget and the

wave-activity conservation law in the small-amplitude

limit. For the third objective, we shall, in particular,

explore the extent to which the QBO signatures of wave

propagation, growth, and breaking support or conflict

with the HT mechanism.

2. Theoretical framework

a. Potential vorticity in isentropic coordinates

The evolution of the PV field along potential tem-

perature u surfaces is often used to study large-scale

Rossby wave propagation (Hoskins et al. 1985). In

spherical isentropic coordinates, Rossby–Ertel’s PV is

defined by

P5
1

s

"
f 2

(u cosu)u
a cosu

1
y
l

a cosu

#
, (1)

where u and y are the zonal and meridional velocities;

l and u are the zonal and meridional coordinates; f, g,

and a are the Coriolis parameter, gravitational constant,

and Earth’s radius; s52g21›p/›u is the isentropic

density; and p is the pressure. Subscripts denote partial

derivatives with respect to the given variable.

In the NH winter stratosphere, the meridional PV

gradient Pu is generally positive, which allows Rossby

wave propagation (Charney and Drazin 1961). Negative

Pu indicates wave breaking, whereby a wave’s ampli-

tude has grown to be sufficiently large so that the hori-

zontal and/or vertical wind shear acts to topple the wave

over, causing the undulating PV contours to overturn

irreversibly (McIntyre and Palmer 1983). When wave

breaking occurs on the edge of the polar vortex, where
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Pu is strongly positive, filaments of high PV are stripped

off and advected into lower latitudes, where they are

subsequently mixed and homogenized in the surf zone.

b. Zonal-mean momentum equation

The zonal-mean momentum budget relates the mean-

flow acceleration to the residual circulation and wave

forcing. In spherical isentropic coordinates, it is expressed

as (Andrews et al. 1987)

›u

›t
52ŷ

�
1

a cosu
(u cosu)u 2 f

�
2 Q̂u

u

1
1

sa cosu
$ � F2

1

s
(s0u0)

t
1D

1
, (2)

where the overbar, prime, and hat respectively represent a

zonal-mean, departure from the zonal-mean, and density-

weighted zonal averages (e.g., ŷ[sy/s); Q is the dia-

batic heating rate; D1 groups other nonconservative

effects (both friction and other diabatic heating terms);

and $ � F is the EP flux divergence given by

$ � F5
1

a cosu
›

›u
(F(u) cosu)1

›F(u)

›u
, (3)

where F(u) 52as y0u0 cosu and F(u) 5 g21p0C0
l are the

horizontal and vertical components of the EP flux vector

F5 (F(u), F(u)), commonly used to represent the di-

rection of wave propagation, where p is the pressure,

and C[ cpT1F is the Montgomery streamfunction,

with T the temperature, cp the specific heat capacity at

constant pressure, andF the geopotential. Note that the

EP flux vector has been approximated using the small-

amplitude assumption (i.e., jB0j � jBj for any field B) in

order to be consistent with the wave-activity conserva-

tion law presented later in section 2c. The horizontal

component F(u) and the vertical component F(u) are the

eddy momentum flux and the form drag, respectively

[see Andrews (1983) for a discussion]. In Eq. (2), (ŷ, Q̂)

is the natural analog to the residual mean meridional

circulation defined in log–pressure coordinates (Andrews

1983). Note that we have followed the convention in

Andrews (1987) and included the perturbation diabatic

heating term [2(asQ0u0 cosu)u] in D1, as opposed to in

$ � F. This better facilitates our study of the QBO

modulation of the large-scale wave forcing.

Equation (2) states that the zonal-mean-flow tendency

›u/›t evolves according to the horizontal wind shear and

Coriolis acceleration acting on the residual mean me-

ridional circulation fQ52ŷ[(u cosu)u/a cosu2 f ]g, up-
welling and downwelling induced by the vertical

wind shear (2Q̂uu), the EP flux divergence term (P5
$ � F/sa cosu) representing the resolved-wave forcing,

effects related to small-scale gravity waves [(s0u0)t/s;
e.g., Edouard et al. 1997], and other eddy andmean-flow

nonconservative processes D1. In the seasonal mean, P
tends to approximately balance Q (i.e., Q1P’ 0) so

that a negative P anomaly signifies a strengthened

poleward residual mean meridional circulation Q and

weaker polar vortex, and vice versa (Newman et al.

2001; Lu et al. 2014).

The EP flux divergence term P in Eq. (2) can be

linked to eddy PV fluxes by

s y 0P0 5P2
(s0u0)

t

s
1D

2
1O(3) , (4)

where D2 represents nonconservative terms, and O(3)

are nonlinear terms of order 3 or higher in perturbation

variables (Andrews 1987). The meridional eddy PV

fluxess y 0P0 represent ameridional redistribution of PV,

with s y 0P0 , 0 indicating equatorward fluxes and

s y 0P0 . 0 indicating poleward fluxes. According to Eq.

(4), s y0P0 is contributed to by the resolved-wave forcing

P, small-scale gravity wave effects 2(s0u0)t/s, non-

conservative effects D2, and additional nonlinear ef-

fects. Upon substitution into Eq. (2), s y0P0 must nearly

balance Q in the seasonal mean so that equatorward

fluxes (s y0P0 , 0) tend to strengthen the poleward re-

sidual meanmeridional circulation (i.e.,Q. 0), and vice

versa. Because the main focus of this study is on the

QBO modulation of large-scale wave forcing and cir-

culation in the lower to middle stratosphere, where the

effect of small-scale wave forcing is small, we group the

contribution of the latter three terms in Eq. (4) into a

single term, denoted D herein.

c. Wave-activity conservation law

Starting from the linearized PV wave equation for P0

(i.e., under the small-amplitude assumption), the wave-

activity conservation law is expressed as (Andrews

1987)

›P02

›t
52

2y 0P0Pu

a
1D

3
1O(3) , (5)

whereP02 is here defined as ameasure of thewave activity.

Equation (5) states that the wave-activity decay/growth in

time ›P02/›t is affected by up-/downgradient eddy PV

fluxes 2y0P0Pu/a, nonconservative processes D3, and

nonlinear terms O(3), where the terms on the right-hand

side act as either a source or a sink of wave activity. More

specifically, downgradient eddy PV fluxes (2y 0P0Pu/a, 0)

correspond to wave-activity growth (›P02/›t. 0), whereas

upgradient eddy PV fluxes (2y 0P0Pu/a. 0) correspond

to wave-activity decay (›P02/›t, 0). In the NH winter
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stratosphere, where Pu is generally positive, we expect

that downgradient eddy PV fluxes (i.e., wave growth)

dominate Eq. (5), corresponding to equatorward eddy

PV fluxes (y0P0 , 0) and a reduced angular momentum

of themean flow. Conversely, upgradient eddy PVfluxes

are less expected, instead leading to a local, enhanced

angular momentum of the mean flow (e.g., Vallis 2006).

We define G5 2y0P0Pu/a for simplicity.

The approximate decay/growth of the resolved waves

can be further estimated by substituting Eq. (4) into Eq.

(5) to find

›P02

›t
52

2$ � F
a2s2 cosu

Pu 1
2(s0u0)

t

as2
Pu 1D

4
1O(3), (6)

where D4 represents nonconservative terms combined

from D2 and D3. We define GRes 5 2Pu$ � F/a2s2 cosu
for notational simplicity. In a region wherePu is positive

and the EP flux divergence is negative ($ � F, 0), waves

would be expected to propagate into that region. We

would therefore also expect to find GRes , 0 and,

consequently, a growth in wave activity (›P02/›t. 0).

Conversely, ifPu is positive but the EP flux divergence is

also positive ($ � F. 0), it is expected that waves would

propagate away from that region. This should be ac-

companied by GRes . 0 and, thus, a decay in wave ac-

tivity (›P02/›t, 0). When a theoretical equation such as

Eq. (6) is evaluated using reanalysis datasets, where the

perturbation is limited by the model resolution, GRes

refers to resolved-wave transience; it is distinct from G,
which includes the contribution from resolved waves

and subgrid processes, such as the gravity wave term and

nonconservative effects.

The zonal-meanmomentumbudget expressed byEqs.

(2)–(4) allows us to examine the effect of waves on the

zonal-mean circulation by evaluating the wave forcing in

terms of the EP flux divergence term P or the meridi-

onal eddy flux of PV s y0P0. Equations (5) and (6) pro-

vide us a means to study the wave decay/growth. These

equations are intrinsically linked by P or s y0P0. To-
gether, they give a comprehensive description of the

temporal change of both the waves and the mean flow.

3. Data and methods

Here, we use daily averages estimated from 6-hourly

ERA-Interim data, with a horizontal resolution of 0.78
from the European Centre for Medium-Range Weather

Forecasts (ECMWF; Dee et al. 2011; see www.ecmwf.int)

for the period of 1979–2012. From this dataset, we use PV

data on nine isentropic levels from 350 to 850K (;150–

10hPa or 10–33km). Additionally, we use the horizontal

wind field u and y, temperatureT, and geopotential height

Z, which have been interpolated from the archived 37

pressure levels to the same nine isentropic levels as the PV

data using a piecewise cubic Hermite interpolating poly-

nomial. Of the 37 pressure levels, approximately 10 are

spanned by the 350- and 850-K isentropic levels. We focus

on the NH middle winter (DJF), during which the HTE

bears its strongest signal and the stratospheric polar vor-

tex is most variable (Dunkerton and Baldwin 1991). For

brevity, the year associated with each DJF period is de-

fined by the year in which December falls (e.g., the year

labeled as 1986 indicates the winter period from Decem-

ber 1986 to February 1987).

Three PV-based measures developed by HH09 are

adopted here to examine wave propagation, wave

breaking, and wave activity. They are as follows: (i)

the zonal-mean meridional PV gradient Pu [units:

Km2kg21 s21 (18)21]; (ii) the zonal-mean negative merid-

ional PV gradient occurrence frequency g (in days during

DJF); and (iii) the zonal mean of the standard deviation

of daily PV gradient values at each gridpoint j [units:

Km2kg21 s21 (18)21]. The daily meridional PV gradient

is calculated using forward differences from north to

south of the daily mean PV at each grid point. The neg-

ative meridional PV gradient occurrence frequency is

calculated by counting the total number of days in

which a negative Pu is found during DJF at each grid

point. The daily variability of the meridional PV gradi-

ent j is calculated as the temporal variance of daily Pu

over DJF at each grid point. Each of Pu, g, and j are

then zonally averaged to obtain Pu, g, and j. We note

here that the sign of Pu provides the key information on

whether quasi-stationary planetary waves can propagate

through a region, with a positive gradient indicating wave

propagation can occur. A negative PV gradient, on the

other hand, indicates eitherwavebreaking,wave reflection,

or wave instability via satisfaction of the Rayleigh–Kuo

criterion, whereby newwaves can be generated (e.g., Vallis

2006). Even so, in the NH winter stratosphere, planetary

wave breaking is the dominant process associated with a

negative PVgradient (e.g.,McIntyre 1982). The variables g

and j are empirical measures of wave breaking and wave

activity (HH09). To differentiate j from the wave activity

P02 defined in Eq. (5), we refer to j as the wave-activity

proxy and P02 as the wave activity.

Terms present in the zonal-mean momentum budget

[Eqs. (2)–(4)] and the wave-activity conservation law

[Eqs. (5) and (6)] are estimated based on daily PV and

interpolated daily data of u, y, T, and Z in isentropic

coordinates. See sections 2b and 2c for more details.

To define the QBO phase for each DJF period, we

utilize the definition given in Huesmann and Hitchman

(2001), which is also used by HH09, and calculate the

vertical difference between the 50- and 70-hPa pressure
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surfaces (approximately 530- and 475-K isentropic sur-

faces, respectively) of the DJF-averaged zonal-wind

anomalies averaged between 58S and 58N. The sign and

magnitude of this difference then determines the phase of

the QBO, with a positive difference ($2ms21) indicating

QBOw and a negative difference (#22ms21) indicating

QBOe. All other DJF winters that do not satisfy either

criterion are classified as neutral.We note that Huesmann

and Hitchman (2001) used a different threshold of

1.5ms21, although we find that this does not change any

of our conclusions qualitatively. Here, we refer to our

QBO definition as QBO50–70hPa or QBO for simplicity.

The result of our definition for each DJF winter from

1979 to 2011 is shown in Fig. 1, with 16QBOw, 11QBOe,

and 6 neutral winters overall. Composite differences be-

tween QBOe and QBOw (QBOe 2 QBOw) are calcu-

lated for all of the aforementioned quantities. The

confidence levels for these differences are determined at

the 90% and 95% levels using two-sided Student’s t tests.

For certain statistically significant regions (to be defined

in the relevant sections), linear correlations between the

relevant quantity and the QBO are performed, with the

results shown as time series plots, to provide an appre-

ciation of the temporal effect of the QBO. Also, we note

that qualitatively similar results can be obtained if the

QBO is defined as the wind anomalies at 50hPa, because

the QBO wind anomalies at 50hPa are approximately

twice as large as those at 70hPa, and these two levels are

usually in phase with one another (not shown).

To account for the possible contamination of the QBO

signal by the two major volcanic eruptions (El Chichón,
March 1982, and Mount Pinatubo, June 1991), which re-

leased large quantities of volcanic aerosols into the strato-

sphere and caused anomalous warming of the stratosphere

for twoyears after the eruption,weexclude the fourwinters

that fell into the periods ofMarch 1982–February 1984 and

June 1991–May 1993 (shown in Fig. 1 as gray square

markers) from our composite analysis. This results in 14

QBOw and 10 QBOe winters overall. Sensitivity tests

nevertheless suggest that similar results can be obtained if

those four winters are included in our composite analysis.

4. Results

a. The Holton–Tan effect in wind and temperature

In this section, the zonal-mean zonal wind u and

zonal-mean temperature T are analyzed to quantify the

QBOmodulation of the stratospheric circulation during

NH winter. This allows us to appreciate the extent to

which the HTE holds when these primary variables are

mapped to isentropic coordinates.

The DJF-mean climatology of u is shown in Fig. 2a.

The stratospheric winds are marked by westerlies that

peak in theNH at around 608N, forming the polar vortex

at 500K and above, and the easterly winds in the sub-

tropical SouthernHemisphere (SH). Thewinter westerlies

and summer easterlies are separated by the zero-wind line

located in the tropical NH stratosphere. The tropo-

spheric subtropical jet can also be seen at 308N, 350–

400K. Figure 2b shows the QBO composite difference

of u. The vertically alternating negative and positive u

anomalies in the tropical stratosphere correspond to the

QBO defined in Fig. 1. The HTE is also visible, with the

polar vortex significantly weaker (by ;10m s21) under

QBOe in comparison to QBOw. Downward-arching

negative u anomalies exist in the tropics to subtropics

from the 450- to 350-K u levels. They are accompanied

by downward-arching positive u anomalies in the sub-

tropics to midlatitudes from the 850- to 350-K u levels.

The subtropical-to-midlatitude positive anomalies be-

low 700K constitute a region of enhanced baroclinicity

and are likely caused by a downward descent of the sub-

tropical u anomalies from the middle stratosphere over

winter (not shown). In the upper troposphere (;350K),

the combination of the negative u anomalies at 208–308N
and positive u anomalies at 408–458N indicate a poleward

shift of the subtropical jet under QBOe.

FIG. 1. Time series of DJF anomalies of the zonal-mean wind difference between the 50- and 70-hPa pressure surfaces,

QBO50–70hPa, averaged between 58S and 58N. Note that the year corresponds to the year in which December falls (e.g., the

year labeled 1986 indicates the winter period from December 1986 to February 1987). Black star markers denote QBOw

years, and black circlemarkers denoteQBOeyears.Gray squaremarkers denote those years affected by twomajor volcanic

eruptions. In total, excluding those four years affected by volcanoes, there are 14 QBOw and 10 QBOe winters.
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Figure 2c shows that the DJF-mean T is marked by

two cold regions: one just above the tropical tropopause,

where the temperature falls to 195K, and another one in

the high-latitude lower stratosphere, where the tem-

perature falls to 205K. In the tropics, theQBO signature

in T is marked by a vertical dipole structure, with cold

anomalies in the lower stratosphere and warm anoma-

lies at the 550–700-K u levels (Fig. 2d). They signify

anomalous upwelling and downwelling due to the QBO-

induced secondary meridional circulation, correspond-

ing to the easterly and westerly tropical zonal-wind

anomalies shown in Fig. 2b (Plumb and Bell 1982). At

high latitudes, the QBO signature in T is marked by

warm anomalies in the lower stratosphere (608–908N,

350–600K), with a peak value of 5K centered at the

450-K u level near the pole. Cold anomalies are also

present in the subtropics in the region of 600–800K in

both hemispheres. The effect is noticeably stronger in

the NH, with cold anomalies extending to midlatitudes

and downward into the lower stratosphere. This sea-

sonal asymmetry in the subtropical response to theQBO

is known to be linked to the QBO-induced meridional

circulation (Jones et al. 1998; Kinnersley 1999). These

extratropical temperature anomalies are consistent with

the wind anomalies shown in Fig. 2b and indicate an

anomalous poleward meridional circulation that causes

adiabatic heating at high latitudes under QBOe.

Figures 3a and 3b examine the temporal evolution of

the high-latitude winds and temperature in relation to

the QBO. It shows that the zonal-mean zonal wind

anomalies, area weighted and averaged over 558–758N,

700–850K, correlates positively with the QBO (r5 0.44,

p 5 0.01), while the zonal-mean temperature anomaly,

area weighted and averaged over 658–858N, 430–600K, is

negatively correlatedwith theQBO(r520.37,p5 0.035).

Together, they indicate that a significantly weaker,

FIG. 2. (a) Climatology and (b) QBO composite difference (QBOe 2 QBOw) of the DJF-averaged zonal-mean zonal wind u in the

latitude–height plane. Contours (interval: 5m s21) represent positive (solid) and negative (dashed) winds. The thick black line in (a) is the

zero-wind line. In (b), the shading represents positive (i.e., westerly; red) and negative (i.e., easterly; blue) anomalies, the thick lines

represent the zero-wind lines for QBOw (solid) and QBOe (dotted), and the hatching indicates statistical significance at the 90%

(backward hatching) and 95% (forward hatching) levels. The dashed gray line represents the location of the equator. (c),(d) As in (a) and

(b), but for the zonal-mean temperature T and with a contour interval of 5K in (c).
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warmer polar vortex is associated with QBOe, agreeing

with Figs. 2b and 2d and with previous studies based on

pressure coordinates (e.g., Lu et al. 2014).

b. Effect on PV-based measures

In this section, we analyze a series of PV-based mea-

sures developed byHH09 (see section 3 for definition) in

order to examine the climatology and the QBO modu-

lation of wave activity and its preference to either

propagate or break.

The zonal-mean meridional PV gradient Pu has been

used previously by other studies to determine the ability

of Rossby waves to propagate, with a positive Pu en-

couraging wave propagation. The climatology of Pu is

shown in Fig. 4a. A peak in Pu occurs in the tropical

lower stratosphere, flanked by relatively weak Pu; this

feature may be due to a combined inertial–barotropic

instability, which during NH winter is associated with

the cross-equatorial flow from the SH to the NH (e.g.,

Hitchman and Huesmann 2007). Another peak in Pu is

also visible at 608N and above the 600-K u level, which

corresponds to the edge of the polar vortex (Fig. 2a). A

localized peak in Pu is also found at around 308N, 350–

400K, corresponding to the tropospheric subtropical jet.

These latter two peaks, coincident with the peak west-

erly winds, agree with the notion that regions with strong

westerly winds act as waveguides, favoring wave prop-

agation (Hoskins et al. 1985).

The QBO composite difference of Pu is shown in

Fig. 4b. According to the climatological behavior of Pu,

we expect more Rossby waves to propagate into the

regions with enhanced Pu (i.e., red regions) and fewer

into regions with reduced Pu (i.e., blue regions). In the

tropics, the QBO signature appears as vertically alter-

nating negative and positive PV gradient anomalies,

sharing the same sign as the QBO in zonal wind. Neg-

ative Pu anomalies are found at 608–808N, extending

from the lower stratosphere to the 850-K u level, in-

dicative of a weaker polar vortex under QBOe, in

agreement with the HTE. Positive Pu anomalies are

found in the subtropical-to-midlatitude lower strato-

sphere (108–308N, 400–600K) in both hemispheres,

suggesting the ability for enhanced wave propagation in

these regions under QBOe. The positive Pu anomalies

in the NH, however, extend farther poleward to 458N,

while the SH counterpart is confined more equatorward

at 108–308S. Similar features exist at 108–208N and above

600K but with the opposite sign, indicating significant

decreases in Pu in these regions. These subtropical Pu

anomalies (up to 308N) are mainly associated with the

meridional wind shear associated with the QBO,

whereas the extension of positive anomalies to mid-

latitudes is associated with the downward-arching zonal

winds in this region (Fig. 2b).

Negative PV gradients are associated with wave

breaking. Hence, the occurrence frequency of zonal-

mean negative gradients g provides the information as

to the regions where waves are most likely to break. The

climatology of DJF-mean g is shown in Fig. 4c. In gen-

eral, regions where g decreases tend to coincide with the

regions where Pu increases. This is consistent with the

notion that strong meridional PV gradients inhibit wave

breaking. It is worth noting that, in the climatology,

maximum g values are found in the subtropics to

FIG. 3. (a) Time series of the DJF mean of u, area weighted over 558–758N and 700–850K (black line), against the

DJF-mean QBO wind shear as shown in Fig. 1 (gray line). The correlation coefficient r and p values are given just

above the plot. (b) As in (a), but for the zonal-mean temperature averaged over 658–858N and 430–600K.
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midlatitudes (308–458N) where PV gradient reversals

occurred for 35–50 days during each DJF period on

average. This is consistent with planetary wave breaking

in the surf zone, stripping high PV filaments from the

polar vortex edge and advecting them into lower lati-

tudes (McIntyre and Palmer 1983).

Figure 4d shows the QBO composite difference of the

DJF occurrence of g. Similar to its climatological be-

havior, regions with positive g anomalies tend to co-

incide with regions of negative Pu anomalies. Positive g

anomalies are found in the tropical-to-subtropical NH

lower stratosphere (08–208N, 475–600K) and also in the

tropical-to-subtropical SH middle stratosphere (08–208S,
600–850K), consistent with wave breaking near the

QBO critical line under QBOe. The large negative g

anomaly at 108–308S, 430–530K is also consistent with

enhanced wave breaking near the QBO critical line

under QBOw. At high latitudes, positive g anomalies

appear inside the polar vortex, indicating increased

wave breaking and corresponding dynamically to the

negative u anomalies at high latitudes under QBOe

(Fig. 2b). The positive g anomalies on the equatorward

flank of the subtropical jet and negative g anomalies on

its poleward flank, correspond to a poleward shift of the

jet under QBOe (Garfinkel and Hartmann 2011; also

shown in Fig. 2b). At 258–408N, 400–850K, the negative

g anomalies are dynamically consistent with the stronger

westerly winds in this region inhibiting wave breaking.

The anomalous patterns of Pu and g shown in Figs. 4b

and 4d suggest that the QBO significantly modulates

extratropical waveguides by allowing more planetary

waves to propagate through midlatitudes (;358–508N)

and fewer planetary waves to propagate through high

latitudes (;558–808N) under QBOe.

The standard deviation of the daily meridional PV

gradient j has been used by HH09 as a proxy for wave

FIG. 4. (a),(b) As in Figs. 2a and 2b, but for the zonal-mean meridional PV gradient Pu [Km2 kg21 s21 (18)21]. The climatology has

a contour interval of 0.253 1025 Km2 kg21 s21 (18)21. Note that both climatology and composite difference have been scaled using the PV

scaling developed by Lait (1994); for each isentropic level u, wemultiplyPu by (u/350)29/2 in order to account for the exponential decrease

with height of PV in the plot. (c),(d) As in (a) and (b), but for the occurrence frequency of negative PV gradients g (in days out of the total

number of days in the DJF period), with a contour interval of 5 days in (c).
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activity. The DJF climatology and QBO composite dif-

ference of j is shown in Figs. 5a and 5b. As expected, the

climatological j attains its largest values in the NH

stratosphere, in particular, poleward of 558N andwith its

magnitude increasing with height above 500K, indicating

that the largest variation of PV gradient is associated with

the stratospheric polar vortex. Another peak is just

above the subtropical jet (;308N, 400–500K) suggesting a

general convergence of wave activity, which is consistent

with the climatological wave breaking near this region

(see Fig. 4c). Localized peaks of j near the tropical

tropopause (158S–158N, 360–450K) are likely to be re-

lated to small-scale waves (e.g., Holton 1983).

The j anomalies in the tropical stratosphere (158S–158N)

generally align well with the location of the QBO critical

line, with negative j anomalies in the lower-stratosphere

tropics (158S–108N, 400–530K) and positive j anomalies in

the midstratosphere tropics (158S–108N, 600–850K). At

158–358N, 475–600K, the positive j anomalies could be

consistent with wave activity propagating equatorward

toward theQBO critical line underQBOe, in agreement

with the enhanced Pu (Fig. 4b). Negative j anomalies

are found at high latitudes, indicating less wave activity

in the region under QBOe, consistent with the negative

u anomalies (Fig. 2b) and the reduced ability for wave

propagation in the region (Figs. 4b,d). However, it is not

clear if these high-latitude j anomalies are a response to,

or a cause of, the HTE.

An alternative measure of wave activity, as defined in

section 2c, is P02. The DJF climatology and composite

difference of P02 are shown in Figs. 5c and 5d. Seeing as

both j and P02 are heuristic measures of wave activity,

the two ought to show qualitatively similar results in

terms of their spatial patterns. Indeed, the climatology

shows very similar patterns to j, albeit with slight dif-

ferences in terms of themeridional and vertical extent of

FIG. 5. (a),(b)As in Figs. 2a and 2b, but for j [units: Km2 kg21 s21 (18)21], a wave-activity proxy developed byHH09 (see section 3). The

contour interval in (a) is 0.253 1025 Km2 kg21 s21 (18)21. (c),(d) As in (a) and (b), but for P02, the wave activity defined in Eq. (5), plotted

with contours at 0.5, 1.5, 2.5, . . . 3 10212 K2m4 kg22 s22 and an additional contour at 1 3 10212 K2m4 kg22 s22 in (c). Note that (c) and

(d) have been scaled using a modified PV scaling developed by Lait (1994) in order to visualize the rapid increase of wave amplitude with

height; for each isentropic level, we multiply by (u/350)218/2.
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the localized peaks above the subtropical jet and near

the tropical tropopause. In the QBO composite differ-

ence, j and P02 anomalies are in broad agreement, with

only slight differences in the high-latitude stratosphere

and the mid-to-high-latitude upper troposphere–lower

stratosphere. At high latitudes, P02 shows significant neg-
ative anomalies concentrated along the polar vortex edge,

whereas j shows negative anomalies throughout high lat-

itudes. In the mid-to-high-latitude upper troposphere–

lower stratosphere, the latitudinal dipole present in j at

450–600K extends down to the 350-K u level. This in-

dicates enhanced wave activity at midlatitudes under

QBOe. Because j andP02 are similar to each other in both

the climatology and composite difference, and also be-

cause P02 is featured in the wave-activity conservation law

[Eq. (5)], we hereafter refer to P02 as the ‘‘wave activity.’’

c. Effect on the zonal-mean momentum budget

In this section, the zonal-mean momentum budget

[Eq. (2)] is used to determine the effect of the net wave

forcing, in terms of the EP flux divergence termP or the

eddy fluxes of PV s y0P0, on the stratospheric circulation

(see section 2b for equations). We examine the clima-

tology and QBOmodulation of the terms in this budget,

with a particular focus on providing further explanation

of the mechanism governing the HTE.

Figure 6a shows the DJF climatology of the EP flux

vectors F (arrows) and EP flux divergence term P (con-

tours). The vector F gives an indication of the direction in

which the net wave activity propagates, and P measures

the effect of thewaves on the zonal-mean circulation. The

zonal-mean wave forcing is marked by upward EP fluxes,

which propagate into the stratosphere atmidlatitudes and

then split into two branches: an equatorward branch in

the lower stratosphere at 208–408Nand an upward branch

that is directed along the large values of Pu associated

with the polar vortex edge (Fig. 4a). At higher u levels, as

the polar vortex becomes stronger (Fig. 2a), more wave

activity is guided toward lower latitudes, indicated by the

more equatorward-propagating EP fluxes at these higher

u levels. These upward and equatorward EP fluxes are

associated with a predominately negative P and, hence,

act to weaken the mean flow [see Eq. (2)]. Positive P
values are noted at 658–758N, 775–850K, whichmaybe an

indication of barotropic energy conversion during the

latter stages of a baroclinic-wave life cycle (e.g., Simmons

and Hoskins 1978) or because of resolved gravity wave

forcing.

The QBO composite differences of the DJF-mean F

(arrows) and P (contours) are shown in Fig. 6b. In the

lower stratosphere, the QBO signature is marked by a

‘‘fountain like’’ pattern of the EP flux anomalies at 408–
558N, whereby upward-propagating EP flux anomalies

spread equatorward toward the QBO critical line and

poleward toward the polar vortex, correspondingwell with

the negative P anomalies at 208–408N and at 608–808N,

450–600K. In the middle stratosphere (700–850K), pole-

ward EP flux anomalies from the subtropics to high lati-

tudes are accompanied by positive P anomalies (i.e.,

divergence) at 208–408N and negative P anomalies (i.e.,

convergence) at 558–808N. The enhanced wave forcing of

the mean flow throughout the high-latitude lower to

middle stratosphere (450–850K), as indicated by the

negative P anomalies, is dynamically consistent with the

observed HTE.

The relative contributions to the momentum budget of

the upward change in form drag P(u) and the poleward

change in themomentum fluxP(u), which together add up

to the total EP flux divergence termP, are now examined.

Figures 6c and 6e show the DJF climatology of P(u) and

P(u), and Figs. 6d and 6f show their associated QBO

composite differences. In terms of the climatology, P(u) is

predominately negative and becomes increasingly nega-

tive in the vicinity of the two strong westerly jets (i.e., the

tropospheric subtropical jet and the stratospheric polar

vortex). The QBO signature in P(u) is characterized by

negative anomalies at midlatitudes (358–558N) and posi-

tive anomalies at high latitudes, with the effect being most

significant in the lower stratosphere and becoming weaker

in the middle stratosphere. Note that the positive anom-

alies at high latitudes are only statistically significant over

two very small regions. TheseP(u) anomalies suggest that,

under QBOe, there is an enhanced convergence of verti-

cally propagating wave activity at midlatitudes that is as-

sociated with stronger upward wave forcing outside of the

polar vortex in the lower stratosphere.

The climatologicalP(u) tends to have an opposite sign

to that of P(u), primarily because of the equatorward

propagation of the horizontal EP fluxes away from the

jets. The predominantly positive P(u) values indicate

that EP fluxes tend to diverge horizontally away from

the jets and toward lower latitudes, where they con-

verge. The QBO signature in P(u) divides the NH into

three regions, whereby there are negative P(u) anoma-

lies in the subtropics and in high latitudes and positive

P(u) anomalies in midlatitudes. The extratropical P(u)

anomalies tend to have an opposite sign to that of P(u).

In the midlatitude lower stratosphere, the anomalous

negative P(u) and positive P(u) cancel one another, re-

sulting in a lack of QBO signal in the total EP flux di-

vergence term P in this region. Negative P(u) anomalies

are found in the subtropical lower stratosphere, coinciding

with enhanced equatorward wave refraction in this region.

At high latitudes, negative P(u) anomalies are also found;

this is consistent with the reduced equatorward wave re-

fraction (Fig. 6b) and the weaker polar vortex (Fig. 2). The
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FIG. 6. (a) DJF climatology and (b) DJF composite differences of the EP flux F and the EP flux divergence termP. In (a) F is shown

with arrows and P is shown with the contours (interval: 0.5 3 1025 m s22). The EP fluxes have been scaled by s on each isentropic

level to account for the rapid decrease with height of the EP fluxes. Also, the vertical component is multiplied by a factor of 15 000,

which was deemed to be suitable to make the magnitudes of F(u) and F(u) comparable for better visualization. All the contour lines,

the thick solid lines, and dotted lines are as in Fig. 2. (c),(d) As in (a) and (b), but for the vertical component of the EP flux divergence

term P(u), with a contour interval of 1 3 10 25 m s22. (e),(f) As in (c) and (d), but for the horizontal component of the EP flux

divergence term P(u).
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high-latitudeP(u) anomalies have largermagnitude than

P(u) anomalies and, hence, dominate the total EP flux

divergence P anomalies.

In a seasonal mean, as we analyze here, the net wave

forcingP (Fig. 6) should drive, and hence approximately

balance, the residual mean meridional circulation Q
(Fig. 7). In the DJF climatology of Q, shown in Fig. 7a,

this is indeed the case, with a broad balance between the

negative P and the positive Q, representing an overall

northward Brewer–Dobson circulation (BDC). In the

high-latitude middle stratosphere (608–908N, 700–850K),

the negativeQ, indicative of an equatorward circulation,

coincides with the positive P. In this region, the mag-

nitude of Q is evidently larger than that of P, indicating

that other processes, such as gravity wave drag, may play

a role.

Figure 7b shows the QBO composite difference of the

DJF-mean Q. The Q anomalies are broadly in balance

and anticorrelated with theP anomalies, suggesting that

the QBO signal in Q is largely caused by a QBO mod-

ulation of the resolved waves. In the lower stratosphere

(i.e., 350–600K), the QBO effect on Q is marked by an

anomalous poleward circulation that extends from the

equator to beyond 608N, indicating an anomalous in-

crease in the strength of the BDC in this region. In the

middle stratosphere (i.e., 700–850K), the QBO effect

on Q is marked by a latitudinal dipole pattern, with

anomalous equatorward and poleward circulations at

58–358N and 408–658N, respectively. Overall, the net ef-

fect of the QBO modulation of Q in the lower-to-middle

stratosphere is a stronger poleward circulation northward

of 408N, implying an enhanced adiabatic heating in high

latitudes and therefore a weaker, more disturbed polar

vortex under QBOe. It should be noted that the vertical

two-cell structure in the subtropics to midlatitudes is

associated with the QBO-induced meridional circulation

(Plumb and Bell 1982). The seasonal asymmetry of this

circulation (Kinnersley 1999) is also visible.

An alternative way to determine the net wave forcing

of the zonal-mean circulation is to calculate the eddy PV

flux term s y0P0, which is related to the EP flux di-

vergence term P via Eq. (4). The DJF climatology of

s y0P0 is shown in Fig. 8a. The predominant feature of

the climatology is the negative s y0P0 (indicating equa-

torward eddy PV fluxes) that peaks along the polar

vortex edge. This shows that the effect of the wave drag

is to flatten the highly positive PV gradients associated

with strong westerly jets by fluxing high PV into lower

latitudes, which results in a weaker polar vortex. In the

upper troposphere, s y0P0 is also predominately nega-

tive, except for a small region of positive s y0P0 (i.e.,
poleward eddy PV fluxes) on the poleward flank of the

subtropical jet. It should be noted that the climatological

s y0P0 is broadly in agreement with the EP flux di-

vergence term P (Fig. 6a) and, hence, approximately

balances the meridional circulation termQ (see Fig. 7a),

as expected from Eqs. (2) and (4). The only noticeable

difference is in the high-latitude middle stratosphere

(poleward of 608N, 750–850K), where s y0P0 is more

negative than P.

The QBO composite difference of s y0P0 (Fig. 8b)
shows a similar structure to the climatology, with the

s y0P0 anomalies broadly agreeing withP anomalies and

roughly balancing those of the meridional circulation

termQ. The anomalous negative s y0P0 in the subtropical-

to-midlatitude lower stratosphere suggest that higher PV

values are anomalously fluxed from high latitudes under

QBOe, contributing to the enhanced Pu in this region

(see Fig. 4b). Such enhancement ofPu permits increased

wave propagation and, consequently, allows more wave

FIG. 7. As in Figs. 2a and 2b, but for the residual mean meridional circulation term Q. The contour interval in (a) and the value range of

(b) are as in Fig. 6a.
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activity to converge in this region (see Figs. 5b, 5d, and

6b). In the middle stratosphere, a dipole pattern exists

with positive (i.e., poleward) s y0P0 anomalies in the

subtropics tomidlatitudes (158–408N), and negative (i.e.,

equatorward) s y0P0 anomalies at high latitudes (608–
858N). This dipole pattern indicates a meridional re-

distribution of PV with poleward displacements of low

PV and equatorward displacements of high PV. These

displacements of PV would induce low- and high-PV

anomalies around a latitude circle near the edge of the

polar vortex, indicative of wave growth. This is dynam-

ically agreeable to the HTE.

The difference between the eddy PV flux term s y0P0

and the EP flux divergence termP [see Eq. (4)] allows

us to estimate the net contribution D52(s0u0)t/s1
D2 1O(3), consisting of small-scale gravity wave ef-

fects, nonconservative processes, and higher-order

nonlinear terms to the zonal-mean momentum bud-

get. The DJF climatology and composite difference of

D are shown in Figs. 8c and 8d. The climatologicalD is

marked by negative values in the extratropical middle

stratosphere, attaining its most negative values in the vi-

cinity of the polar vortex and noticeably weaker values in

the lower stratosphere. The net contribution also attains a

negative peak near the tropical tropopause and a positive

peak value in the midlatitude upper troposphere. The

former is known to be affected by gravity waves (Holton

1983; McFarlane 1987), while the latter could be because

of the generation of inertia–gravity waves by baroclinic

instability (O’Sullivan and Dunkerton 1995) or the non-

linear upscaling from synoptic waves to planetary waves

via wave–wave interactions (Birner et al. 2013).

The QBO composite difference of D in Fig. 8d shows

negative anomalies in the midlatitude lower strato-

sphere (458–608N, 450–525K) indicating that small-scale

gravity waves, nonconservative effects, and/or nonlinear

processes may also play a role in the region where the

fountain-like feature appears in the EP flux anomalies

FIG. 8. (a),(b) As in Figs. 2a and 2b, but for s y 0P0. The contour interval in (a) and the value range in (b) are as in Fig. 7. (c),(d) As in

(a) and (b), but for the contribution of other processes, including small-scale gravity waves, nonconservative processes, and nonlinear

effects to s y 0P0. It is calculated from Eq. (4) as D5s y 0P0 2P.
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(Fig. 6b). Further, the lack of signal in the extratropical

middle stratosphere implies that the QBO modulation

of wave forcing in this region is mainly due to resolved

waves. The vertical dipole structure in the subtropics,

with negativeD anomalies in the lower stratosphere and

positive D anomalies in the middle stratosphere, shares

the same sign as those associated with the EP flux di-

vergence term P; this possibly implies that the QBO

modulation of unresolved subgrid processes, such as

small-scale gravity waves in this region, is similar to its

effect on resolved waves. This vertical dipole structure

in the vicinity of the QBO critical line represents the

QBO wave forcing (e.g., gravity wave drag and radia-

tively damped equatorial waves).

The temporal behavior of the QBOmodulation of the

DJF-mean s y0P0 is shown in Fig. 9, where s y0P0, area
averaged over 208–408N and 475–600K (Fig. 9a), 108–
308N and 700–850K (Fig. 9b), and 608–808N at 850K

(Fig. 9c), is plotted against the QBO. These three re-

gions are selected to represent the most statistically

significant NH regions shown in Fig. 8b. The most sig-

nificant correlation is in the region of 208–408N and 475–

600K, where a correlation coefficient of r 5 0.78 (p ,
0.01) is found; this is remarkable given that s y0P0 is a
highly derived quantity. This corroborates the idea that

the QBO plays a dominant role in modulating the wave

forcing in this region. In the region of 108–308N at 700–

850K, it is clear that s y0P0 correlates significantly with

the QBO, even though the correlation is visibly con-

taminated by the volcanic-eruption-affected winters. In

the polar middle stratosphere, a correlation coefficient

of r 5 0.44 (p 5 0.01) is found, consistent with a more-

disturbed polar vortex under QBOe.

d. Effect on the wave-activity conservation law

In this section, thewave-activity conservation law [Eq.

(5)] is used to identify the regions of wave decay/growth

in response to the interactions between waves and the

mean flow, given by the up-/downgradient eddy PV

fluxes G. We analyze the climatology and quantify the

first-order (i.e., linear) effect of theQBOonwave decay/

growth in the 350–850-K isentropic layer averaged over

the winter months of DJF.

Figure 10a shows the DJF climatology of the up-/

downgradient eddy PV flux term G5 2y0P0Pu/a. From

Eq. (5), we note that positive G, indicative of upgradient
eddy PV fluxes, is associated with wave decay (›P02/›t, 0),

and vice versa. In the climatology, G is predominately neg-

ative, corresponding to wave growth, and has a magni-

tude that increases with height and peaks near the edge

FIG. 9. (a) Time series of DJF mean of s y 0P0 area weighted over 208–408N and 475–600K (black line), against the

seasonal-mean QBO (estimated as the anomalous wind shear between 50 and 70 hPa; gray line). The correlation

r and p values are given just above the plot. (b) As in (a), except s y 0P0 is averaged over 108–308N and 700–850K.

(c) As in (a), except s y 0P0 is averaged over 608–808N and 850K.
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of the polar vortex. This supports the diffusive picture of

eddy fluxes, whereby eddies tend to flatten the back-

ground PV gradient and, hence, weaken the polar vortex

(Figs. 2a and 4a; e.g., Rhines and Young 1982). One ex-

ception is the small region on the poleward flank of the

tropospheric subtropical jet, where positive G is found,

coinciding with a region of strong positive Pu (Fig. 4b)

and poleward eddy PV fluxes (s y0P0 . 0; Fig. 6b). The

wave decay in this region has previously been studied by

Birner et al. (2013), who suggested that the poleward

shift of the subtropical jet over winter is maintained by

an upscaling of synoptic waves. The tropical upper

troposphere–lower stratosphere also exhibits negative G,
corresponding to wave growth, which is mainly because

of the contribution of small-scale waves and nonconserva-

tive processes to y0P0 (McFarlane 1987).

The associated QBO composite difference is shown in

Fig. 10b. In general, the subtropical anomalies corre-

spond broadly to Pu anomalies (Fig. 4b), except with

opposite signs. Compared with their SH counterparts,

NH G anomalies intensify near the QBO critical line, in

agreement with enhanced wave breaking near zero-

wind lines (Fig. 4d). In the NH lower stratosphere, the

subtropical negative G anomalies extend intomidlatitudes,

with accompanying positiveG anomalies (anomalouswave

decay) at 258–308N, 350–400K and 558–658N, 350–450K.

Together, they imply that waves favor growth in mid-

latitudes under QBOe. In the high-latitude middle

stratosphere, there appears to be no signal, although the

anomalies indicate enhanced wave growth inside the polar

vortex and wave decay on its edge, which is in dynamical

agreement with the HTE.

The wave decay/growth of the resolved waves is ap-

proximated by GRes 5 2Pu$ � F/a2s2 cosu [see Eq. (6)],

the DJF climatology of which is shown in Fig. 10c. The

GRes and G climatologies agree broadly from the sub-

tropics tomidlatitudes but disagree poleward of 608Nand

in the tropical lower stratosphere. More specifically, from

FIG. 10. (a),(b) As in Figs. 2a and 2b, but for the up-/downgradient eddy PV fluxes G5 2y 0P0 Pu/a [units: K
2m4kg22 s23 (18)21], where G, 0

corresponds to wave growth (›P02/›t. 0) and G. 0 corresponds to wave decay (›P02/›t, 0). The contours in (a) have an interval of 1 3
10218K2m4kg22 s23 (18)21. Note that both (a) and (b) have been scaled as in Figs. 5c and 5d. (c),(d) As in (a) and (b), but showing the resolved-

wave contribution GRes to the wave transience [Eq. (6)], where GRes , 0 corresponds to wave growth and GRes . 0 corresponds to wave decay.
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the subtropics to midlatitudes, both the climatological

GRes and G are predominately negative and peak in the

vicinity of the polar vortex edge. Note that almost iden-

tical results can be obtained if the perturbation terms in

GRes are filtered for only the wavenumbers 1–3 (not

shown). Thus, the dominant wave forcing in this region is

the growth of planetary waves. Conversely, at high lati-

tudes (658–808N, 600–850K) and in the tropical lower

stratosphere, GRes has positive values, which is in contrast

to the negative G in these regions. This implies a down-

scaling energy conversion process between planetary

waves and smaller-scale waves, indicative of an in situ

instability. The discrepancies between GRes and G in these

two regions also suggest that other processes, such as

small-scale gravity waves and nonconservative effects (as

opposed to resolved waves), play an important role.

The QBO composite difference of GRes is shown in

Fig. 10d; it again highlights a broadly similar pattern to

G, with exceptions in the tropics and poleward of 558N.

The similarities in the subtropics tomidlatitudes support

the idea that the QBO effect on wave decay/growth in

this region is mainly through a modulation of planetary

waves. Nevertheless, two important differences between

GRes and G are found at high latitudes. First, the positive

G anomalies at 558–658N, 350–450K are intensified in

GRes, and the effect extends vertically up to the 550-K

u level, indicating reduced planetary wave growth in the

vicinity of the polar vortex in the lower stratosphere. In

combination with the increased planetary wave growth

at 358–508N, this further indicates enhanced upward

wave propagation at midlatitudes under QBOe. Second,

the negative GRes anomalies at 608–658N, 700–850K are

in dynamical agreement with the poleward increase of

horizontal EP flux anomalies in this region (Fig. 6b),

Together, they indicate an in situ planetary wave growth

within the polar vortex. These GRes anomalies are con-

sistent with a more disturbed polar vortex under QBOe

and suggest that planetary waves play a key role in the

high-latitude middle stratosphere for the HTE. The lack

of signal in Fig. 10b in the high-latitude middle strato-

sphere in comparison with the GRes anomalies at 608–
658N, 700–850K, indicates that other processes may

contaminate and, consequently, cancel out the QBO

signature in this region.

Figure 11 shows the temporal behavior of the QBO

modulation of the DJF-mean GRes, which is area aver-

aged over (Fig. 11a) 208–408N, 475–600K and (Fig. 11b)

658N, 700–850K and plotted against the QBO. In the

region of 208–408N and 475–600K, the correlation be-

tween the QBO and the resolved-wave decay/growth

GRes is highly significant (r 5 0.73, p , 0.01). An almost

identical result can be obtained if GRes is replaced by G in

this region, confirming that the enhanced wave growth

under QBOe in this region is mainly associated with a

change of resolved-wave activity. A weaker, yet statisti-

cally significant, correlation is found at 658N, 700–850K

(r 5 0.38, p 5 0.03), indicative of there being anomalous

planetary wave growth in this region under QBOe, in

dynamical agreement with the HTE. However, the cor-

relation coefficient reduces to r5 0.1 (p5 0.74) when GRes

is replaced by G. This suggests that the anomalous wave

growth within the polar vortex under QBOe is pre-

dominantly driven by a change of large-scale waves.

5. Conclusions and discussion

For the first time, a systematic examination of the

zonal-mean momentum budget and up-/downgradient

FIG. 11. As in Fig. 3, but showing GRes area weighted over (a) 208–408N and 475–600K and (b) 658N and 700–850K.
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eddy potential vorticity fluxes, together with three

PV-based measures developed by HH09, is utilized to

provide a comprehensive description of the climatology

and QBO modulation of wave–mean flow interactions

in the Northern Hemisphere winter lower-to-middle

stratosphere.

Based on the ERA-Interim dataset, we find that the

classical Holton–Tan effect (HTE) can be robustly ob-

served during December–February when the relevant

variables are mapped to isentropic coordinates. Our

analysis of the three PV-based measures provides clear

evidence that the QBO modulates wave propagation,

wave breaking, and wave activity. At high latitudes, there

is enhanced wave breaking, contributing to the weaker

polar vortex under QBOe. This is associated with an

overall decreased meridional PV gradient and reduced

wave activity. In the lower stratosphere, the pattern of PV

gradients appears to favor wave activity at midlatitudes

and in the vicinity of the QBO-induced critical line.

Our analysis of the QBO modulation of the Eliassen–

Palm fluxes and EP flux divergence provide supporting in-

formation to the PV-based measures on how the QBO

affects wave propagation and the wave forcing of the

mean flow. The EP flux anomalies indicate that the en-

hanced PVgradient in themidlatitude lower stratosphere

is associated with increased upward wave propagation.

This enhanced upward propagation at 408–558N is ac-

companied by meridional wave divergence, leading to

anomalous horizontal wave convergence both at ;158–
458N, 450–600K and at high latitudes. In the middle

stratosphere, the horizontal EP flux convergence in-

duced by enhanced poleward wave propagation at high

latitudes acts to weaken the polar vortex. The overall

enhanced stratospheric EP flux convergence drives a

stronger poleward meridional circulation, contributing

to the warmer high-latitude lower stratosphere under

QBOe. Our analysis also suggests that these wave-

forcing anomalies are predominantly associated with a

change of planetary waves. Overall, these EP flux di-

agnostics are dynamically agreeable to the HTE.

Analysis of the eddy PV fluxes further supports the

general picture that has been obtained from the PV-based

measures and the EP flux diagnostics. Under QBOe,

enhanced downgradient eddy PV fluxes (indicating

wave growth) occur in the lower stratosphere, between

the QBO-induced critical line and midlatitudes, in

agreement with the equatorward eddy PV fluxes in this

region.At 258–308N, 350–400K and 508–658N, 350–450K,

there are anomalous upgradient eddy PV fluxes (in-

dicating wave decay). This pattern of up-/downgradient

eddy PV fluxes in the upper troposphere–lower strato-

sphere suggests that the enhanced wave growth at mid-

latitudes is accompanied bywave decay on the equatorward

flank of the subtropical jet and at high latitudes. This

pattern seems to form a ‘‘valve’’ for upward wave

propagation from the troposphere (Chen and Robinson

1992), in agreement with the enhanced upward wave

propagation at midlatitudes, as shown by the EP fluxes.

Downgradient eddy PV fluxes are found in the high-

latitude middle stratosphere, indicating planetary wave

growth inside the polar vortex; this is in dynamical

agreement with the HTE.

Our results show clear and consistent patterns of the

QBO modulation of wave activity and wave–mean flow

interactions in the extratropics. Nevertheless, they only

provide partial support for the classic Holton–Tan (HT)

mechanism, whereby a poleward shift in wave propa-

gation and wave activity is expected under QBOe. The

QBO signature in the wave-activity measures, however,

indicates enhanced wave activity in the midlatitude

lower stratosphere and decreased wave activity pole-

ward of 558N. There is an enhanced upward flux of wave

activity into the lower stratosphere at;408–558N, which

forms a fountain-like feature that diverges horizontally,

both equatorward toward the critical line and poleward

toward the polar vortex. The poleward EP flux anoma-

lies are associated with an EP flux convergence and

increased wave breaking inside the polar vortex, in agree-

ment with the HT mechanism. However, the presence of

the equatorward EP flux anomalies in the subtropical-

to-midlatitude lower stratosphere and the decrease of

wave activity within the polar vortex do not suggest an

overall poleward shift of wave forcing under QBOe, as

expected by the HT mechanism. Additionally, the en-

hanced wave growth at midlatitudes with regions of

wave decay on the equatorward flank of the subtropical

jet and at high latitudes is not explainable by the HT

mechanism. These observations are in agreement with

recent studies (e.g., Naoe and Shibata 2010; Yamashita

et al. 2011; Garfinkel et al. 2012; Lu et al. 2014) that

suggest the HT mechanism is not the dominant mecha-

nism governing the HTE. Nevertheless, caution must be

taken with the interpretation of our results, which are

based on seasonal averages fromDecember to February.

These seasonal averages do not allow us to distinguish the

response from the cause and therefore to draw a firm

conclusion on the ability of the HTmechanism to explain

the observed HTE.

Our comprehensive diagnostics suggest that the

change in waveguide associated with the latitudinal shift

of the tropospheric subtropical jet may play a role in

explaining the HTE. Under QBOe, the QBO-induced

meridional circulation appears to cause a poleward shift

of the subtropical jet, which consequently encourages

upward wave propagation at midlatitudes because of the

increased baroclinicity (Lachmy and Harnik 2014). A
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similar shift of the jet was also found by Garfinkel and

Hartmann (2011), though the effect they identified is

only significant in early and late winter. An enhance-

ment of baroclinicity in the midlatitude lower strato-

sphere is supported by our zonal-mean momentum

budget analysis, whereby there are strengthened zonal-

wind anomalies that arch down from the middle strato-

sphere to the upper troposphere, associated with enhanced

wave activity. This is also indicative of a positive feed-

back, whereby the increased baroclinicity associated

with the arching zonal-wind anomalies encourages up-

ward wave propagation from the troposphere, which then

divergesmeridionally in the fountain-like feature, causing

an eddy momentum-flux convergence at midlatitudes

and a concurrent strengthening of the zonal-wind anoma-

lies. This, in turn, encourages further upward wave propa-

gation. Accompanying the change in wave forcing in the

midlatitude lower stratosphere is a stronger poleward me-

ridional circulation, which aids in the weakening of the

polar vortex. Thus, the intensified shift of the subtropical

jet under QBOe appears to play a role in the change in

wave propagation, and hence wave forcing, and the as-

sociated changes in the meridional circulation in the ex-

tratropical lower stratosphere.

In light of the aforementioned evidence and drawing

on the work of recent studies, we put forward a new,

additional mechanism, which has the potential to ac-

count for the QBO-induced wave-forcing anomalies in

the lower stratosphere during DJF. Under QBOe con-

ditions, this new mechanism works as follows: The

QBO-induced mean meridional circulation causes an

intensified poleward shift of the subtropical jet in the

upper troposphere. The upscaling of wave forcing in the

vicinity of the subtropical jet, whereby an excitement of

transient planetary waves on the poleward flank of the

jet occurs at the expense of synoptic-wave decay (Birner

et al. 2013), is also shifted poleward to midlatitudes.

These newly generated planetary waves propagate up-

ward, having a positive feedback with the arching zonal

winds in the subtropics to midlatitudes and acting to

drive an enhanced poleward meridional circulation in

the lower stratosphere, thus contributing to the weaker

and warmer polar vortex. The poleward shift of the sub-

tropical jet also results in less baroclinic planetary wave

activity at high latitudes, as a result of upward-propagating

baroclinic waves favoring propagation toward regions

of high baroclinicity (e.g., Lachmy and Harnik 2014).

While our analysis does provide certain evidence for the

HTE causality in terms of wave driving, we appreciate

that our arguments are based on correlations drawn

from reanalysis data. Further work, especially model

simulations, must be undertaken to unambiguously de-

termine the validity of this new mechanism.

Previous studies have suggested that theQBO-induced

secondary meridional circulation in the middle-to-upper

stratosphere may play a role in explaining the HTE (e.g.,

Ruzmaikin et al. 2005). Via changes in the background

mean-flow geometry, the QBO alters the midlatitude

waveguide by affecting the refractive index and causing

more poleward wave propagation at 20–5hPa (Garfinkel

et al. 2012; Lu et al. 2014). Our results in the middle

stratosphere are in agreement with those authors,

whereby we find that the QBO-induced meridional

circulation in the subtropics and the enhanced Brewer–

Dobson circulation (BDC) at mid-to-high latitudes corre-

spond to EP flux divergence patterns that are responsible

for anomalous poleward wave propagation under QBOe.

This reduced equatorwardwave refraction above 700K is

dynamically agreeable to the weaker polar vortex. Ad-

ditionally, this increased poleward wave propagation, in

combination with the enhanced planetary wave growth

at high latitudes, indicates in situ instability or an energy

conversion process from the basic state. If this is the

case, the QBO-induced meridional circulation plays

very different, albeit complementary, roles in both the

lower and middle stratosphere to cause the observed

teleconnection between the QBO and the polar vortex

via a modulation of planetary wave activity.

The HTE associated with the lower-stratospheric QBO

is not necessarily the only layer where a teleconnection

between the tropics and the polar vortex occurs. For in-

stance, the QBO-induced subtropical wind anomalies in

the upper stratosphere can also contribute to the QBO

modulation of wave activity and hence to the HTE (e.g.,

Gray et al. 2001, 2004). Such an effect is not studied here

because of the height range of the PV dataset we used.

Furthermore, our results hint that other processes, such as

gravity waves, nonconservative effects, and nonlinear

processesmayplay a role in the vicinity of theQBOcritical

line, the mid-to-high-latitude lower stratosphere (Fig. 8d),

and the high-latitude middle stratosphere (Figs. 10b,d).

Investigation into such processes may help to improve our

understanding of the QBO modulation of wave–mean

flow interactions and possible wave–wave interactions in

these regions. Finally, an analysis of the seasonal life cycle

in terms of the growth and decay of finite-amplitude

waves is needed to aid our understanding of the dynam-

ical evolution of the HTE, to better separate the cause

and response, and to differentiate the extent to which

different mechanisms can play a role. Research regarding

the seasonal evolution is currently being undertaken and

will be published elsewhere.
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