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ABSTRACT

Breaking planetary waves (BPWs) affect stratospheric dynamics by reshaping the waveguides, causing

internal wave reflection, and preconditioning sudden stratospheric warmings. This study examines observed

changes in BPWs during the northern winter resulting from enhanced solar forcing and the consequent effect

on the seasonal development of the polar vortex. During the period 1979–2014, solar-induced changes in

BPWs were first observed in the uppermost stratosphere. High solar forcing was marked by sharpening of the

potential vorticity (PV) gradient at 308–458N, enhanced wave absorption at high latitudes, and a reduced PV

gradient between these regions. These anomalies instigated an equatorward shift of the upper-stratospheric

waveguide and enhanced downward wave reflection at high latitudes. The equatorward refraction of reflected

waves from the polar upper stratosphere then led to enhanced wave absorption at 358–458N and 7–20 hPa,

indicative of a widening of the midstratospheric surf zone. The stratospheric waveguide was thus constricted

at about 458–608N and 5–10 hPa in early boreal winter; reduced upward wave propagation through this region

resulted in a stronger upper-stratospheric westerly jet. From January, the regions with enhanced BPWs acted

as ‘‘barriers’’ for subsequent upward and equatorward wave propagation. As the waves were trapped within

the stratosphere, anomalies of zonal wavenumbers 2 and 3were reflected poleward from the stratospheric surf

zone. Resonant excitation of some of these reflected waves resulted in rapid growth of wave disturbances

and a more disturbed polar vortex in late winter. These results provide a process-oriented explanation for the

observed solar cycle signal. They also highlight the importance of nonlinearity in the processes that drive the

stratospheric response to external forcing.

1. Introduction

Over an 11-yr solar cycle, the incoming total solar ir-

radiance changes by less than 0.1% (Lean 2000), but in

the UV the variations reach several percent (Lean

2000). The formation of stratospheric ozone involves

chemical reactions of oxygen atoms and molecules and

their interaction with solar ultraviolet (UV) irradiance.

The thermal condition and dynamical structure of the

stratosphere depends critically on the distribution of

ozone (Brasseur and Solomon 2005). Studies show that

there is a 2%–4% increase in annual-mean ozone in the

low-latitude mid-to-upper stratosphere and an approx-

imate 1-K increase in annual mean temperature in the

equatorial upper stratosphere and lower mesosphere

during high solar activity years compared to solar min-

imum conditions (Haigh 2003; Remsberg 2014; Mitchell

et al. 2015a; Hood et al. 2015; Dhomse et al. 2016).Corresponding author: Hua Lu, hlu@bas.ac.uk
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During the last three decades, major research efforts

have investigated the extent to which atmospheric cir-

culation may respond to this localized radiative forcing

(Kodera and Kuroda 2002; Haigh 2003; Gray et al. 2010;

Ineson et al. 2011; Cnossen et al. 2011; Hitchcock and

Haynes 2016). However, an accurate, process-based

quantification remains elusive as a result of a large

spread in the solar UV and ozone measurements

(Ermolli et al. 2013; Hood et al. 2015; Ball et al. 2016),

uncertainties among reanalysis datasets (Dee et al. 2011;

Lu et al. 2015; Mitchell et al. 2015a; Martineau et al.

2016), and model biases (Mitchell et al. 2015b; Dhomse

et al. 2016).

It has been widely accepted that the atmospheric re-

sponse to the initially small-magnitude solar radiative

forcing must involve amplification via nonlinear pro-

cesses (Gray et al. 2010). One classic mechanism

involves the dynamical interaction between upward-

propagating planetary-scale Rossby waves (planetary

waves hereafter) and the background westerly flow in

the winter stratosphere. When a critical layer in a ver-

tical shear flow is encountered by upward-propagating

planetary waves, where the phase speed of the wave

matches that of the background flow, strong mixing

taking place below the critical layer and leads to de-

celeration of the zonal-mean westerly winds (Matsuno

1971). Subsequent waves are then absorbed below the

decelerating region. Wave breaking continues to occur

below the critical line, resulting in the downward

movement of easterly anomalies. This mechanism ap-

pears to operate during solar minimumwinters when the

upper-stratospheric subtropical westerlies are relatively

weak. Conversely, during high solar activity years the

enhanced solar UV irradiance results in a steeper me-

ridional temperature gradient near the subtropical up-

per stratosphere–lower mesosphere in the winter

hemisphere. In accordance with thermal wind balance

and linear wave theory, a steeper meridional tempera-

ture gradient gives rise to stronger westerly winds, which

may cause poleward wave refraction (Charney and

Drazin 1961). Wave refraction away from the westerly

polar vortex leads to a reduction of net wave drag on the

mean flow. A positive feedback between the mean flow

and waves results in a further strengthening of the polar

vortex and a weakened meridional overturning circula-

tion (Kodera and Kuroda 2002). Thus, enhanced solar

UV forcing would result in a poleward and downward

movement of westerly wind anomalies.

Recent studies based on reanalysis datasets have

however shown that a continuous downward movement

of westerly zonal-mean anomalies cannot be detected

statistically during either the Northern or Southern

Hemisphere winters (Mitchell et al. 2015a,b; Yamashita

et al. 2015; Lu et al. 2011, 2017). Instead, these studies

show that westerly wind anomalies appear to be con-

fined to the subtropical upper stratosphere in early winter

(November–December), and in late winter (February)

a downwardmovement of easterly anomalies is observed,

which originate from the upper stratosphere. The latter

has been interpreted as the delayed occurrence of sud-

den stratospheric warmings (SSWs) under solar maxi-

mum conditions (Gray et al. 2004; Cnossen et al. 2011),

with SSWs occurring in early to midwinter under solar

minimum conditions and in late winter under solar

maximum conditions. A similar sign reversal of early-

and late-winter circulation anomalies has also been re-

ported in model simulations (e.g., Ineson et al. 2011;

Chiodo et al. 2012; Marchand et al. 2012). However, if

the poleward and downward movement of westerly

anomalies in early winter cannot be observed (Lu et al.

2017; Mitchell et al. 2015a), it is possible that the classic

mechanism of wave refraction may not be the dominant

mechanism, and other reasons must be sought to explain

the sign reversal of the solar signal between early and

late winter.

Several nonlinear processes may alter the strato-

spheric waveguide and the seasonal development of the

polar vortex. Breaking planetary wave (BPW) events

that involve an irreversible mixing of potential vorticity

(PV) play a crucial role in shaping winter stratospheric

dynamics and preconditioning SSWs (McIntyre 1982;

Albers and Birner 2014). A BPW event is manifested by

filaments of high-PV air being drawn out from the edge

of the polar vortex while strips of low-PV air spiral from

the subtropics or from the high latitudes (McIntyre and

Palmer 1983; Waugh and Dritschel 1999). The PV mix-

ing in the surf zone and PV sharpening near the polar

vortex edge modify the stratospheric waveguide and

subsequent wave propagation and absorption (Plumb

2010). Idealized studies also show that shear instability

may lead to BPWs or enhanced filamentation (Dritschel

1986). Furthermore, gravity waves are able to impose

wave drag on the mean flow in the upper stratosphere

and the lower mesosphere (Andrews et al. 1987) and, in

particular, have been shown to precondition SSWs in a

similar way to BPWs (Albers and Birner 2014).

The intensity and characteristics of BPWs are in-

timately related to the absorbing/reflecting properties of

critical layers. While the general evolution of a critical

layer involves a damped oscillation between wave ab-

sorption, reflection, and overreflection, the details

are sensitive to many factors, especially dissipation

and instability (Stewartson 1977; Killworth and

McIntyre 1985).

The internally generated and/or reflected transient

waves may lead to important dynamical consequences

7170 JOURNAL OF CL IMATE VOLUME 30



elsewhere (Walker and Magnusdottir 2003; Abatzoglou

and Magnusdottir 2006), especially when these waves

are trapped in a resonant cavity, in which case a rapid

increase in wave amplitudes can lead to a sudden dis-

ruption of the polar vortex (Tung 1979; Tung and

Lindzen 1979a,b). In extreme cases, they are able to

produce an SSW (Esler and Matthewman 2011). Fur-

thermore, nonlinear wave–wave interaction acts to tune

and excite wave growth when a system is initially off-

resonant (Plumb 1981). Internal wave reflection is a

necessary condition for such a ‘‘self tuning’’ process to

take place. To date, the extent to which these processes

may be affected by the variation of solar UV–ozone

photochemistry over the 11-yr cycle remains largely

unexplored.

A recent study showed that downward wave reflection

was significantly enhanced in the northern high-latitude

stratosphere during high solar activity winters (Lu et al.

2017). The effect involved enhanced barotropic in-

stability near the polar night jet at approximately

458–608N and 1–3hPa and enhanced BPWs in the

high-latitude upper stratosphere. The enhanced wave

breaking led to a reflecting surface forming in the polar

upper stratosphere, which instigated the downward

wave reflection during November–January. It is noted

that the solar-induced downward wave reflection oc-

curred with a stable polar vortex in the mid- and lower

stratosphere, differing from those following SSWs.

The present work examines the extent to which these

upper-level BPWs may play a role in causing changes in

planetary wave propagation and breaking in the mid-

and lower stratosphere. We show how the observed sign

reversal of the circulation anomalies between early and

late winter in the northern stratosphere may be linked to

these BPWs. The effect is further examined in relation

to changes in stratospheric waveguides, internal wave

reflection, and resonance. Finally, a mechanistic view is

provided to explain the chain of events.

2. Data and methods

a. Data and statistical diagnostics

This study uses ERA-Interim for 1979–2014 with 37

levels extending up to 1 hPa (Dee et al. 2011). This

dataset is chosen mainly because it has a good repre-

sentation of the temperature and circulation in the up-

per stratosphere, where the direct radiative effect of

solar UV via photochemical processes takes place

(Hood et al. 2015). We are fully aware of the common

problem among all the reanalysis datasets that the ozone

and temperature profile in the upper stratosphere may

not be well constrained by observations. This problem

deteriorates back in time and becomes severe in the

presatellite era (i.e., before 1979) when there were little

real measurements above 10hPa. To avoid the bias and

contamination from the presatellite era in the upper-

stratospheric reanalysis, we decided not to include data

before 1979. In addition, three other reanalysis datasets

including JRA-55, MERRA, and NCEPCFSR covering

the period of 1979–2012 are used to check the robustness

of the Eliassen–Palm (E-P) flux analysis in the upper

stratosphere. Details regarding the type of model, hor-

izontal and vertical resolutions, and the height of the

upper lid of each of the reanalysis datasets employed can

be found in Table 1 of Mitchell et al. (2015a).

The dailyMg II core-to-wing index (Viereck and Puga

1999) is used to represent solar UV variation for this

same period. These data were derived from theNimbus-7

solar backscatter UV (SBUV) spectrometer and cali-

brated using the Solar Stellar Irradiance Comparison

Experiment (SOLSTICE) and the high spectral resolu-

tion Global Ozone Monitoring Experiment (GOME)

measurements (deToma et al. 1997). Following Chiodo

et al. (2014), we excluded three winters (i.e., 1982/83,

1991/92, and 1992/93) to avoid aliasing of the volcanic

signal. Our analysis included the winters affected by the

major ENSO events since we found no clear evidence to

suggest that the solar signal was sensitive to those ENSO

events. We are also aware that the solar signal could be

further modulated by the quasi-biennial oscillation

(QBO) (e.g., Labitzke 1987; Lu et al. 2009) and solar

energetic particle precipitation (e.g., Seppälä et al.

2013). Limited by the sample size, these effects were not

considered here. As such, our seasonal averages were

based on 11 high solar (HS) activity winters (1979/80,

1980/81, 1981/82, 1988/89, 1989/90, 1990/91, 1999/2000,

2000/01, 2001/02, 2002/03, and 2003/04) and 16 low solar

(LS) activity winters (1984/85, 1985/86, 1986/87, 1987/88,

1993/94, 1994/95, 1995/96, 1996/97, 1997/98, 2004/05,

2005/06, 2006/07, 2007/08, 2008/09, 2009/10, and 2010/11),

with 6 solar neutral years (i.e., 1983/84, 1998/99, 2003/04,

2011/12, 2012/13,and 2013/14) excluded from the anal-

ysis. The list may change slightly as the seasonal-mean

changes accordingly when running averages are per-

formed. A time series plot that shows how the HS and

LS subgroups are defined based on monthly meanMg II

index (black line) can be found in Fig. 1 of Lu et al.

(2017). Statistical significance of the composite differ-

ences between HS and LS subgroups (HS 2 LS) was

estimated by the two-sided Student’s t test.

To examine the temporal evolution of a circulation

field and its different behavior under HS and LS con-

ditions, running composite analyses with a one-day time

step and a centered average window of 31 days is per-

formed for HS and LS subgroups, respectively. The
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average window is used mainly to reduce the con-

tamination from short-term internal variability. The

3-month-averaged Mg II indices for the months pre-

ceding the last day of the average window were used as

the forcing variable to divide the data into the HS and

LS subgroups, depending on whether the averaged Mg

II indices were greater or smaller than the seasonal

mean 60.002. The confidence intervals of the running

averages are calculated by m6 zs/
ffiffiffi
n

p
, where m is the

sample mean, s is standard deviation, and n is the

number of samples. We set z 5 1.645 for the 90%

confidence level.

b. The E-P flux divergence

The E-P flux divergence = � F is used to measure the

wave driving of the zonal-mean circulation (Andrews

et al. 1987). In spherical log-pressure coordinates this

takes the following form:

= � F5
1

a cosf
[F(f) cosf]

f
1F(z) , (1)

where the meridional and vertical E-P fluxes F(f) and

F(z) are

F(f) 5 r
0
a cosf

 
y0u0

u
z

u
z
2 y0u0

!
and

F(z) 5 r
0
a cosf

(�
f 2

1

a cosf
(u cosf)

f

�
y0u0

u
z

2w0u0
)
,

(2)

where a is the mean radius of Earth, f is the Coriolis

parameter, z is log-pressure height, f is latitude, u is

potential temperature, and u, y, and w are zonal, me-

ridional, and vertical velocities, respectively. The over-

bar, prime, and subscript denote zonal average,

departures from zonal average, and derivative,

respectively.

The calculations of E-P fluxes and divergence were

carried out for the total wave forcing and further sepa-

rated into stationary and planetary contributions (i.e.,

zonal wavenumbers 1, 2, and 3 only). To calculate the

stationary wave contribution, the atmospheric variables

were first averaged over a season at each grid point. To

calculate the contributions from planetary waves, a fast

Fourier transform filter was applied longitudinally to

select the required wavenumbers.

To help visualize the wave propagation directions, the

E-P fluxes were scaled in the form of ~F5 [ ~F(f), ~F(z)]5
(ps/p)

0:85[F(f)/(ap), F(z)/(33 105)] (Edmon et al. 1980).

An additional factor of 10 was applied to the solar

cycle differences (i.e., the difference fields related to

HS and LS subgroups). The divergence was estimated

as = � ~F5= � F/r0a cosf (which has the units of ms21

day21). Unlike the E-P fluxes, no scaling is applied to = � ~F
for climatology or the solar differences.

c. Waveguide diagnostics

The refractive index is a measure of planetary wave

waveguide (Matsuno 1970). In spherical coordinates, it

takes the following form:

n2
k 5

q
f

a(u2 c)
2

�
k

a cosf

�2

2

�
f

2NH

�2

, (3)

where c is the phase speed of the waves, k is the zonal

wavenumber,H is the mean scale height (57 km), N is

the buoyancy frequency, and qf is the meridional

gradient of the zonally averaged potential vorticity

(PV gradient hereafter). The PV gradient is calculated

as

q
f
5 2V cosf2

"
(u cosf)

f

a cosf

#
f

1
af 2

N2

�
u
z

H
2u

zz

�
, (4)

where V is Earth’s angular velocity and other symbols

are the same as in section 2b.

Large positive values of qf and n2
k support wave

propagation while flow vacillation and wave breaking

occur when both qf and n2
k are small or negative

(Matsuno 1970; Holton and Mass 1976). Small and

negative qf also suggest barotropic instability (Kuo

1949). The value of n2
k would become infinitely large

near a critical layer (i.e., u2 c5 0), where BPWs and

reflection occur. For quasi-stationary waves, the critical

layer reduces to the zero-wind line (i.e., u5 0), which is

often found in the subtropics. While small-amplitude

waves tend to be absorbed at the critical line, an in-

crease in wave amplitude may lead to enhanced

BPWs and nonlinear reflection (Killworth and

McIntyre 1985; Walker and Magnusdottir 2003). The

subtropical zero-wind line acts as an absorber for

incident planetary waves from the midlatitudes if

there are no BPWs on its poleward flank. Enhanced

BPWs in the stratospheric surf zone act as a ‘‘bar-

rier’’ for equatorward wave propagation, resulting in

reduced wave absorption by the subtropical zero-

wind line and enhanced poleward wave reflection

(Plumb 2010).

Following Matsuno (1970), the refractive index for

stationary waves is multiplied by a2, where a is Earth’s

radius. To avoid floating errors and the excessively large

spread of a2n2
k due to small values of u, the area-

averaged refractive index is calculated by removing

those a2n2
k values when juj# 0:1 ms21, where u is the
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grid-based zonal-mean zonal wind over a predefined

temporal period (i.e., 31-day running window).

d. Diagnostics for BPWs

BPWs are diagnosed by examining changes in the PV

gradient and their favored location as well as through

their unique E-P structure and relationship with the

polar vortex. BPWs should be marked by enhanced PV

gradients near the westerly jet axis and reduced PV

gradients in the surf zone and at high latitudes. The ef-

fect must be accompanied by E-P flux divergence away

from the edge of the polar vortex and convergence in the

stratospheric surf zone (McIntyre and Palmer 1983).

Because of the rearrangement of PV in the meridional

direction, the E-P flux vectors should also be oriented in

the horizontal direction rather than vertically (Esler and

Matthewman 2011). These features differ distinctly

from the classic mechanism that involves upward-

propagating planetary waves encountering a critical

layer in a vertical shear flow (Matsuno 1971; Kodera and

Kuroda 2002).

e. Diagnostics for wave reflection and resonance

Forced planetary waves propagating upward from the

troposphere are characterized by positive values of the

momentum flux u0y 0 and the northward heat flux y0T 0,
while negative u0y0 and y0T 0 indicate internal wave re-

flection. Because reflection events are often episodic,

their effects tend to be smeared out in seasonal averages.

Here, internal wave reflection is detected using daily u0y0

and y0T 0 following Dunn-Sigouin and Shaw (2015).

Wave reflection anomalies were identified statistically

by a significant increase in value and the frequent oc-

currence of negative daily u0y0 and/or y0T 0. In addition,

when the waves are resonantly excited, we would also

expect the seasonal averages of negative daily u0y0 and/
or y0T 0 to be sufficiently larger than their climatology.

The momentum and heat fluxes are used instead of the

E-P fluxes F(f) and F(z) because they do not involve

static stability uz, which was found to introduce rela-

tively large biases in the upper stratosphere during data

assimilation (Lu et al. 2015).

The space–time cross-spectral decomposition tech-

nique of Hayashi (1971) is applied to the daily geo-

potential height data to diagnose resonant growth of

transient waves. The method expresses the amplitude of

wave disturbance in geopotential height as a function

of longitude and time. It decomposes the wave power

(which has the units of m2) further into westward and

eastward propagation components based on Fourier

expansion. To do this, it assumes that the standing waves

correspond to the part of the spectrum that consists of

coherent eastward- and westward-moving components

of equal amplitude. The incoherent part of the spectrum

represents traveling waves. This technique allows us to

detect significant increases in wave amplitude associat-

ing with certain wavenumbers and frequencies. The

detailed description of the method can be found in

Hayashi (1971) while a recent application can be found

in Lu et al. (2012).

3. Results

a. The reversal of the solar signal

Figure 1 shows the November–December and

February–March mean climatological zonal-mean tem-

peratures and zonal winds and their corresponding solar

composite differences (HS 2 LS). Similar but weaker

signals can be obtained based on October–December

and January–March mean (not shown). The climatology

shows the expected profile with a colder and stronger

upper-stratospheric westerly jet in early winter (i.e.,

November–December), which becomes significantly

weaker and warmer by late winter (i.e., February–

March). The warm anomalies (;1.5K) in the equato-

rial upper stratosphere (08–208N, 1–3hPa) are common

to both early and late winter (Figs. 1c,d). This effect is

stronger and extends lower into the subtropical mid-

stratosphere in early winter. There is a small region with

negative temperature anomalies at 458–608N and

2–3 hPa (Fig. 1c), where enhanced sign reversal of the

PV gradient has been found in the same region (see

Fig. 7 of Lu et al. 2017). These temperature anomalies are

indicative of a dynamical response to solar UV variability

over the 11-yr solar cycle. As the poleward refracted

waves from the upper-stratospheric subtropical jet re-

gion interact with the polar night jet, enhanced BPWs

lead to localized barotropic instability as shown by Lu

et al. (2017). In February–March, the extratropical

stratospheric response is marked by warmer anomalies

(;5K) at 608–908N, 10–30 hPa and easterly anomalies at

558–808N and 1–5 hPa. This indicates a sign reversal of

the solar signal between early and late winter, with a

stronger, colder vortex under HS in early winter and a

weaker, warmer vortex in late winter, as reported by

earlier studies (Gray et al. 2004; Ineson et al. 2011;

Mitchell et al. 2015a; Lu et al. 2017).

The solar signal in zonal-mean winds u are consistent

with the temperature anomalies. Again, the wind

anomalies are confined mostly to the upper-to-middle

stratosphere. Although a downward extension of the

westerly anomalies is present in early winter, they are

not statistically significant at the p5 0.05 level (Figs. 1e,f).

This is in agreement with previous studies including

those based on multiple reanalysis datasets. Detailed
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examination of the seasonal development of solar-

induced wind and temperature anomalies can be found

in Mitchell et al. (2015a) and Lu et al. (2017).

Figures 2a,b show the climatology of the total E-P

fluxes ~Ftotal 5 [ ~F
(f)
total,

~F
(z)
total] (arrows) and the associated

E-P flux divergence = � ~Ftotal (contours) for early winter

(October–December) and late winter (January–March).

Figures 2c,d show the corresponding solar composite

differences. The 3-month averages are used here be-

cause the wave fields are noisier than those of wind and

temperature. Also, according to the classic mechanism,

we would expect the wave anomalies to lead the circu-

lation anomalies, at least in the regions away from the

subtropical upper stratosphere where the direct solar

UV radiative forcing takes place. Regions with signifi-

cant wave anomalies but without significant changes in

the zonal-mean circulation would indicate that different

mechanisms are likely to be at work.

As expected, in both early and late winter, the cli-

matology of the NH winter wave activity is marked by

upward- and equatorward-pointing E-P flux vectors with

predominantly negative divergence near the regions

with strong westerly winds. In early winter, solar-

induced changes in E-P fluxes and divergence are

marked by poleward- and downward-pointing E-P flux

anomalies in the extratropical upper stratosphere, ac-

companied by negative = � ~Ftotal anomalies at 2–3 hPa

and positive = � ~Ftotal anomalies at 3–10hPa. While the

upper-layer negative = � ~Ftotal anomalies are confined to

the high latitudes, the lower-layer positive = � ~Ftotal

anomalies extend from the subtropics to high latitudes.

The lower-layer positive = � ~Ftotal anomalies indicate

enhanced wave refraction away from the subtropical

westerly jet under HS, according to the classic

mechanism of Kodera and Kuroda (2002). The neg-

ative = � ~Ftotal anomalies above indicate enhanced wave

breaking. The downward-pointing E-P flux anomalies in

the high-latitude mid- and lower stratosphere are in-

dicative of reduced upward wave propagation and/or

enhanced downward wave reflection (Lu et al. 2017).

These wave forcing anomalies would lead to reduced

wave forcing on the upper-stratospheric westerly jet and

thus a stronger westerly jet in the upper stratosphere.

This is consistent with Figs. 1c,e. The solar signal in late

winter is marked by upward- and poleward-pointing E-P

flux anomalies in the extratropical stratosphere with

negative = � ~Ftotal anomalies at 308–608N and 1–5 hPa,

consistent with a warmer, more disturbed upper-level

westerly jet (Figs. 1d,f). It is noted that the upward-

pointing E-P flux anomalies appear to be confined to the

stratosphere. Very similar results can be found for sta-

tionary waves (not shown).

Figure 3 shows the seasonal progression of the solar

signal in stationary planetary waves (i.e., zonal wave-

numbers 1–3). The climatological behavior of the sta-

tionary planetary E-P fluxes and divergence = � ~Fstrat are

very similar to those in Fig. 2, except for smaller magni-

tudes. The seasonal development of solar-cycle-induced

FIG. 1. Climatological zonal-mean temperature (shaded) and zonal wind (contours) for (a) November–December and (b) February–

March averages. The subtropical zero-wind line is shown as the thick black line. Solar composite differences (HS 2 LS) for (c),(d)

temperatures and (e),(f) zonal-mean zonal winds. The vertical dotted and solid lines in (c)–(f) indicate p value# 0.1 and 0.05, respectively,

calculated using the two-sided Student’s t test.
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= � ~Fstrat anomalies can be described as follows. Positive

= � ~Fstrat anomalies first appear at 308–408Nand 3–5hPa in

October–November and then expand poleward toward

the polar night jet in November–December. They then

move downward into the lower stratosphere in

December–January. These positive = � ~Fstrat anomalies

are associated with E-P flux vectors diverging away from

the polar vortex edge. Negative = � ~Fstrat anomalies first

appear in the polar stratosphere in October–December.

They are associatedwith downward- and then equatorward-

pointing E-P flux anomalies. Negative = � ~Fstrat anomalies

subsequently appear in the stratospheric surf zone at

358–458N and 2–20hPa in December–January. These

convergent anomalies intensify and expand upward in

January–February. They are associated with E-P flux

anomalies emitted out from the polar vortex edge, in-

dicating an equatorward expansion of the surf zone due

to enhanced BPWs.

Not shown here, we also find that solar-induced

changes in transient wave E-P fluxes and divergence

in early to midwinter are predominantly featured by

the meridional E-P flux anomalies. In early winter,

the transient wave anomalies account for part of the

enhanced poleward wave reflection in the upper

stratosphere and equatorward wave propagation

in the midstratosphere. In midwinter, poleward-

pointing transient wave E-P flux anomalies emerge

from the region with enhanced BPWs, indicating

enhanced poleward reflection. In late winter, tran-

sient waves account for the major part of the vertical

and upward E-P flux anomalies along the poleward

flank of the polar vortex. Thus, solar-induced

anomalies of the E-P flux divergence = � ~F all

exhibit a sign reversal between early and late winter,

whether or not they are dominated by meridional or

vertically E-P fluxes.

FIG. 2. The (a) October–December and (b) January–March climatological-mean E-P fluxes

(arrows) and E-P flux divergence (contours) in latitude–pressure height cross section of 08–
908N and 1000–1 hPa. (c),(d) As in (a),(b), but for their corresponding solar composite

differences (HS 2 LS). Note that the E-P fluxes are scaled and the difference fields were

multiplied further by a factor of 10. See section 2b for more detail regarding the scaling. Solid

and dashed contours are positive and negative divergence at the intervals of60.3,60.6,61.2,

62.4, . . . m s21 day21 for (a),(b)and 60.1, 60.2, 60.4, 60.8, . . . m s21 day21 for (c),(d). The

light and dark gray-shaded areas represent p values # 0.1 and 0.05, respectively.
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FIG. 3. (a)–(d) As in Fig. 2a,b, but for 2-month running averages of stationary planetary waves

averaged from October–November to January–February. (e)–(h) Corresponding solar com-

posite differences. The arrows, contours, shading, and scaling applied to the E-P fluxes and

anomalies are as in Fig. 2.
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Figures 1–3 suggest that the strongest solar signal is in

the upper stratosphere. It is the region where the E-P

fluxes and divergence exhibit large discrepancies among

different reanalysis products (Lu et al. 2015; Martineau

et al. 2016). It is important to check the robustness of the

wave-forcing anomalies shown in Figs. 2 and 3 using

other reanalysis datasets. Figure 4 shows the 31-day

running averages of daily mean = � ~F from 1 October to

1 April at 358–458N and 3hPa for both HS and LS con-

ditions, calculated from four modern reanalysis prod-

ucts: ERA-Interim, MERRA, JRA-55, and CFSR. This

region is chosen because the most significant = � ~F
anomalies were found there and the anomalies had a

sign reversal from positive to negative between early

and late winter.

Under both HS and LS conditions all four reanalysis

datasets show a similar seasonal development of = � ~F
at 358–458N and 3 hPa. Namely, = � ~F becomes more

negative from early October to late December and

early January, then turning back toward zero thereaf-

ter. The structures of = � ~F are nearly identical in

ERA-Interim, JRA-55, and CFSR except for their

magnitudes. The solar anomalies are most significant in

MERRA because the MERRA estimates are notice-

ably more variable under LS. Although the differences

are not statistically significant in CFSR, all four re-

analysis products show an unambiguous delay and

deepening of the trough under HS. This contributes to

the positive = � ~F anomalies in early winter and nega-

tive = � ~F anomalies in late winter. Figure 4 confirms

that there are large uncertainties in wave-forcing

estimates in the upper stratosphere. The uncertainty

regarding solar-induced changes is mostly in the

magnitude rather than the underlying difference in

evolution. Thus, it remains worthwhile to search for the

mechanism behind the delay. For simplicity and con-

sistency, our results hereafter are entirely based on

ERA-Interim.

b. Changes in stratospheric waveguide

In this section, solar modulation of the PV gradient qf

and the normalized refractive index a2n2
k for stationary

waves are examined in relation to (i) changes in strato-

spheric waveguides, (ii) the PV gradient sharpening or

FIG. 4. The 31-day running averages of the planetary wave (i.e., zonal wavenumbers 1–3) E-P flux divergence

= � ~F at 358–458N and 3 hPa estimated from four major modern reanalysis datasets, (a) ERA-Interim, (b) JRA-55,

(c) MERRA, and (d) CFSR. The gray dashed and red solid lines represent the mean values under LS and HS con-

ditions, while the corresponding shaded regions represent the 90% confidence intervals of the running averages.
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PV mixing concerning BPWs, and (iii) the formation of

the stratospheric wave cavity.

Figures 5a,b show the November–December-

averaged meridional PV gradient qf (shaded) and re-

fractive index a2n2
k (contours) for wavenumber 1 (i.e.,

k5 1) under LS andHS conditions. Figures 5c,d are the

same except for wavenumber 2 (i.e., k5 2). Figures 5e,f

show their corresponding composite differences (i.e.,

HS 2 LS), which are applicable for both k 5 1 and

k 5 2.

The climatology of the meridional PV gradient is

marked by strongly positive values of qf near the edge of

the polar vortex with smaller values of qf in the sub-

tropics and at high latitudes (see Fig. 1 for jet location).

A similar feature holds for a2n2
k as well. Planetary waves

tend to propagate along the region with large positive qf

and a2n2
k while regions with small or negative values

indicate reduced wave propagation, wave transience, or

wave breaking (Matsuno 1970). As such, Figs. 5a–d in-

dicate that the waves are guided along the edge of the

polar vortex. While qf is independent of wavenumber,

the region with negative a2n2
k expands more toward

lower latitudes with increasing wavenumber k. Thus,

stationary waves with zonal wavenumber 1 (wave 1) are

more likely to propagate into the high-latitude strato-

sphere than the stationary waves with zonal wave-

number 2 (wave 2). Note that a2n2
k becomes infinitely

large in the vicinity of the subtropical zero-wind line

(i.e., the thick black line in Figs. 1a,b), where wave

absorption occurs.

FIG. 5. November–December mean of the refractive index a2n2
k with k 5 1 (contours) and the PV gradient qf

(s21, shaded) under (a)HSand (b)LS conditions. (c),(d)As in (a),(b), but fork5 2. (e) Solar difference (HS2LS) ofqf.

(f) As in (e), but for the refractive index a2n2
k. The red and blue contours in (e) and (f) indicate positive and negative

anomalies while the lightly shaded area and the vertical solid lines indicate p value # 0.1 and 0.05 of the differences,

respectively, all displayed in latitude–pressure height cross section of the stratosphere (208–858N, 1–100 hPa).
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Solar-cycle modulation of the stratospheric PV gra-

dient is characterized by an equatorward shift of the

region with large positive qf in the upper stratosphere as

qf becomes more positive at 258–458N and more nega-

tive at 458–608N under HS (Fig. 5e). The reduction of qf

at 458–608N and 1–3hPa involves significantly more

negative values of qf during December. This signifies

that enhanced PV mixing in this region resulted in lo-

calized barotropic instability, which may lead to en-

hanced in situ wave generation (Kuo 1949). Nonlinear

wave growth leads to enhanced wave breaking in the

polar upper stratosphere; enhanced downward wave

reflection follows because of the formation of a reflect-

ing surface (Lu et al. 2017).

Figure 5f shows that solar modulation of the refractive

index a2n2
k is dominated by the negative anomalies near

the stratospheric surf zone at 358–458N and at the flanks

of the upper-stratospheric westerly jet. As such, these

anomalies indicate a more confined cavity for stationary

wave propagation under HS. These a2n2
k anomalies dif-

fer from those shown in Fig. 5e because of the nonlinear

operation between the PV gradient qf and the zonal-

mean wind u [i.e., the first term of Eq. (3)]. Nonlinear

critical layer and BPWs are mainly responsible for such

differences (Stewartson 1977; McIntyre and Palmer

1983; Waugh and Dritschel 1999).

To appreciate the seasonal development of solar-

induced changes in BPWs, the 31-day running aver-

ages of qf from 1 November to 1 April are shown in

Figs. 6a–c for two regions in the upper stratosphere. The

temporal evolution of qf in region 1 at 308–458N and

1–2hPa is characterized by a double-peak structure

under both HS and LS conditions (see Fig. 6b). It is

evident that qf is generally greater with a noticeable

delay of the seasonal development of qf under HS than

LS. This is associated with a prolonged development of

the early-winter upsurge of qf from mid-November to

mid-December under HS. Such a delay leads to the

separation of the 31-day-averaged qf between HS and

LS conditions (significant at 90% confidence interval)

during mid-December–mid-January and in earlyMarch.

The temporal evolution of qf in region 2 at 458–908N
and 1–2 hPa is again characterized by a double-peak

structure under both HS and LS conditions (Fig. 6c).

However, qf is generally smaller with a noticeable delay

and deepening of the seasonal development under HS.

The delay and deepening lead to the separations of the

31-day-averaged qf between HS and LS conditions in

December and February. It is worth noting that the

peaks of the 31-day running averages of qf in region 1

coincide with the troughs in region 2 under both HS and

LS conditions. These are typically observed during BPW

events in the upper stratosphere whereby an increase in

the PV gradient near the center of the upper-

stratospheric westerly jet is accompanied by enhanced

mixing of the PV, indicated by the flattened PV gradi-

ents at higher latitudes (Polvani and Saravanan 2000).

Given qf is generally greater under HS than LS at 308–
458N but the opposite holds at 468–908N, Figs. 6a–c thus

suggest enhanced BPWs in the upper stratosphere

under HS.

A typical stratospheric wave cavity has two vertically

oriented reflecting surfaces, one in the midlatitudes and

one in the polar region, and a horizontally oriented

reflecting surface in the upper stratosphere (Harnik and

Lindzen 2001). Because of the second term in Eq. (3),

the reflecting surface in the polar region is always

present. The approximate locations of the other two

reflecting surfaces are indicated in Fig. 6d. Region 3 at

358–508Nand 3–70hPa represents the vertically oriented

partial reflecting surface, which acts as a barrier for the

equatorward-propagating stationary waves (Matsuno

1970). The reflecting surfaces are normally produced

by BPWs, which involve an alternating absorption–

reflection–overreflection nonlinear critical layer with

the waves propagating in the meridional direction

(McIntyre and Palmer 1983; Plumb 2010). Region 4 at

508–908N and 1–3hPa represents the horizontally ori-

ented partial reflecting surfaces, which acts to trap

upward-propagating stationary waves. Upper-level

BPWs and breaking gravity waves lead to downward

wave reflection (Albers and Birner 2014). From Fig. 5,

we can see that both qf and a2n2
k are climatologically

small in these two regions. Thus, they are the regions

where BPWs aremost likely to occur climatologically. A

reduction of a2n2
k in these regions leads to enhanced

wave breaking and/or internal reflection. According to

Plumb (2010), we would also expect the increased like-

lihood of resonance if more waves are trapped internally

within the stratosphere.

The seasonal development of a2n2
1 in region 3 is

marked by a decline in a2n2
1 from early November to late

December and an increase in a2n2
1 thereafter (Fig. 6e).

During November–December, a2n2
1 is significantly

smaller under HS, indicating reduced equatorward

propagation of stationary waves through the strato-

spheric surf zone. A widening of the stratospheric surf

zone via BPWs would lead to a poleward shift of the

stratospheric waveguide, which guides the waves to

propagate along the high-latitude route (Plumb 2010;

Albers and Birner 2014).

The seasonal development of a2n2
1 in region 4 is

marked by the noticeably smaller values of a2n2
1 from

mid-November to early February under HS. The dif-

ferences in the seasonally averaged a2n2
1 between HS

and LS conditions become statistically significant in
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December–January according to their 90% confidence

intervals. Note also that the 90% confidence interval

dips into negative territory during December under HS

while it remains mostly positive under LS. This implies

reduced upward propagation of stationary wave 1 ow-

ing to enhanced BPWs, which may be followed by

downward wave reflection (Matsuno 1970; Harnik and

Lindzen 2001; Lu et al. 2017). Because the anomalies

are the same for other wavenumbers (not shown),

Figs. 6d–f thus imply reduced equatorward and upward

propagation of stationary waves in early and midwinter

under HS.

c. Seasonal evolution of planetary wave responses

In this section, we examine the solar-cycle modulation

of BPWs based on wavenumber-dependent E-P flux and

divergent anomalies. We discuss how these anomalies

may play a role in forming the partial reflecting surfaces

and how such an enhancement may lead to a seasonal

delay of the net wave forcing on the polar vortex.

FIG. 6. (a) As in Fig. 5e with two black boxes added to show the key regions where 31-day running averages of the

PV gradient qf are taken and (b),(c) the corresponding area-averaged qf under HS and LS conditions for the

regions in (a). (d) As in Fig. 5f with two black boxes indicating the key regions where 31-day running averages of

the wave-1 refractive index a2n2
1 are taken and (e),(f) the corresponding area-averaged a2n2

1 under HS and LS

conditions for the regions in (b). The gray dashed and red solid lines represent the mean values under HS and LS

conditions, while the corresponding shaded regions represent the 90% confidence intervals of the mean.
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Figures 7a,b show the early- and late-winter climato-

logical wave-1 E-P fluxes ~FPW1 5 [ ~F
(f)
PW1,

~F
(z)
PW1] (arrows)

and divergence = � ~FPW1 (contours), which are similar to

those of the total field (see Figs. 2a,b). This suggests that

wave 1 plays a dominant role climatologically.

Figures 7c–g show the 2-month running averages of

wave-1 composite differences from October–November

to December–January, whereas Fig. 7h is the same but

for January–March mean. The early to midwinter solar

signal in wave 1 starts with the positive = � ~FPW1 anom-

alies at 458–608N and 3–7hPa as a result of poleward

wave refraction from the westerly jet. The effect is fol-

lowed by the negative = � ~FPW1 anomalies poleward of

658N at 1–3hPa and at about 358–458N and 7–20hPa.

These negative = � ~FPW1 anomalies are featured

throughout the winter but are most significant during

November–January. As the winter progresses, the di-

vergent anomalies near the polar vortex edge and the

convergent anomalies in the stratospheric surf zone

move gradually downward. The effect is then followed

by an increase in the upward wave-1 propagation in

January–March. These wave-1 E-P flux anomalies

indicate enhanced BPWs under HS because 1) they

are located in the polar upper stratosphere and in the

surf zone where BPWs normally occur (Albers and

Birner 2014; McIntyre and Palmer 1983), 2) positive

values of = � ~FPW1 anomalies are found near the polar

vortex edge, and 3) the associated E-P flux vectors are

manifest as meridional divergence from the edge of

the polar vortex as typically seen during a BPW event

(Polvani and Saravanan 2000; Esler and Matthewman

2011). Their late-winter development is also similar to

results from idealized studies regarding how BPWs act

to precondition the SSWs (Waugh and Dritschel

1999).

It is worth noting that the negative = � ~FPW1 anomalies

in the midstratospheric surf zone disappear in = � ~Ftotal

(see Fig. 2c,d), due to a cancellation effect of poleward-

propagating transient wave anomalies with zonal

wavenumbers 2 and 3 reflecting from the region with

negative = � ~FPW1 anomalies (not shown). This effect is

very similar to the idealized study of Haynes (1989) who

show that barotropic instability leads to a large increase

in the time-integrated wave absorptivity within the

critical layers. The absorption is strongest for ultralong

planetary waves. Higher wavenumber waves emit and

propagate meridionally away from the critical layer as

the flow rearranges itself locally. Such nonlinear critical-

layer interaction is accompanied by little change in the

background zonal-mean flow.

Figure 8a shows the climatological E-P fluxes (ar-

rows) and divergence (contours) for November–

March-averaged stationary wave 2, which is marked

by the upward- and equatorward-propagating E-P

fluxes at 408–708N with strong convergence centered

near the stratospheric polar vortex.

During November–mid-January, the solar composite

differences in = � ~FSPW2 (Figs. 8b,c) are marked by the

divergent anomalies at 408–708N, because of a reduction

of upward-propagating waves from the troposphere.

The divergent effect starts in the upper stratosphere and

then descends downward into the troposphere. Without

the aforementioned wave-1 anomalies, these stationary

wave-2 anomalies would correspond to a downward

movement of westerly wind anomalies, as reported by

earlier studies (i.e., Kodera and Kuroda 2002). The cir-

culation anomalies in the mid- and lower stratosphere

during 1979–2014 are however not statistically signifi-

cant at the p 5 0.05 level. This is likely due to the en-

hanced BPWs and associated internal wave reflection,

which make the westerly winds around the polar vortex

less zonal under HS.

Figure 8d is the same as Figs. 8b,c except for the

61-day period from 16 January to 16March. It shows that

the E-P flux and the divergent anomalies of stationary

wave 2 reverse their direction and sign in late winter

with convergent anomalies along the polar vortex edge

and the equatorward- and upward-propagating E-P flux

anomalies originating from the high-latitude strato-

sphere and from the troposphere. Divergent anomalies

are found in the subtropical upper stratosphere at 158–
258N and 1–3hPa with the poleward-pointing E-P flux

anomalies, indicating reduced wave absorption near the

subtropical zero-wind line. These late-winter wave

forcing anomalies suggest enhanced wave disturbance

under HS, which is consistent with the circulation

anomalies shown in Figs. 1d,f.

d. Wave reflection and resonance

Internal normal modes readily radiate their energy

into the upper stratosphere and mesosphere without

imposing a drag on the mean flow (Salby 1984). How-

ever, once trapped, some of the transient waves may

interact with quasi-stationary planetary waves and the

polar vortex whereby they become excited as a result of

resonance (Tung 1979; Tung and Lindzen 1979a,b;

Plumb 1981, 2010). While their phase speeds shift to

match those of stationary waves, their amplitudes grow

and become sufficiently large.When they break, an SSW

may be triggered as a result. In this section, evidence is

provided to suggest that the enhanced stationary wave-2

forcing in late winter could be due to resonant excitation

of internally reflected waves.

Figure 9a shows the climatology (contours) and

solar composite differences (shaded) of November–

February-averaged planetary wave momentum flux
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FIG. 7. (a),(b) As in Fig. 2a,b, but for wave 1. (c)–(g) Running 2-month averages of the solar

composite differences in wave 1 from November to January. (h) As in (c), but for the January–

March average. The arrows, contours, shading, and scaling applied to the E-P fluxes and

anomalies are as in Fig. 2.
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u0y0 estimated from daily data. The climatology is

marked by positive u0y0 (i.e., equatorward wave propa-

gation) in the mid-to-upper stratosphere and in the

subtropical to midlatitude troposphere, with negative

u0y0 (i.e., poleward propagation) in the high-latitude

lower stratosphere and tropical upper troposphere.

The solar signal in the seasonal-mean u0y0 is marked by

significant positive anomalies at 258–458N and 5–30hPa.

These anomalies indicate enhanced equatorward wave

propagation near the stratospheric surf zone, in associ-

ation with enhanced BPWs under HS.

Figure 9b is similar to Fig. 9a except that the seasonal

averages include those days when a negative u0y0 oc-
curred. As expected, the climatology is all negative.

Climatologically, poleward wave reflection occurs in the

regions where large negative values are found (i.e., in

the tropical upper troposphere and at high latitudes).

The solar signal is marked by negative anomalies in the

high-latitude stratosphere at 608–808N and 2–20hPa,

suggesting enhanced poleward reflection or refraction at

high latitudes under HS. These anomalies contribute to

enhanced BPWs in the polar upper stratosphere (see

Fig. 7).

Figures 9c,d are similar to Figs. 9a,b but for the

planetary wave heat flux y0T 0. The climatology of the

seasonal-mean y0T 0 is largely positive except for a small

region in the subtropical upper troposphere (Fig. 9c).

This indicates that upward wave propagation dominates

the winter circulation in terms of climatology. The solar

signal in the seasonal-mean y0T 0 is marked by the posi-

tive anomalies at 208–408N and 2–7 hPa, indicating en-

hanced upward planetary wave propagation there under

HS, consistent with an equatorward shift of the wave-

guide in the upper stratosphere (see Fig. 5).

The climatology of seasonal-mean negative daily y0T 0

is again everywhere negative. The regions with strongest

internal wave reflection include the tropical upper tro-

posphere and high latitudes, where large negative values

of y0T 0 exist. These regions are prone to internal wave

reflection climatologically because poleward wave

FIG. 8. (a) The November–March climatological-mean E-P fluxes (arrows) and E-P flux

divergence (contours) of stationary wave 2. The 2-month averages of solar composite differ-

ences in stationary wave 2 of (b) November–December, (c) December–January, and 16

January–16 March. The arrows, contours, shading, and scaling applied to the E-P fluxes and

anomalies are as in Fig. 2. Note that the E-P flux vectors of the anomalies are larger in size

compared to the climatology because the anomalies are multiplied by a factor of 10.
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reflection also peaks in these regions (see Fig. 9d). The

solar signal is marked by positive anomalies at 308–458N
and 2–5hPa and negative anomalies at about 608N and

70–200hPa, indicating enhanced downward wave re-

flection at high latitudes with reduced downward wave

reflection near the westerly jet center. Solar-cycle

modulation of BPWs is initialized in the uppermost

stratosphere. Figure 9 suggests an equatorward shift of

planetary wave propagation in the upper stratosphere

with enhanced downward and poleward wave re-

flection at high latitudes.

In section 3c, we stated that there is substantial can-

cellation between the solar signal in wave 1 and wave 2

near the region with enhanced wave-1 absorption. We

suggested that these E-P flux anomalies and their can-

cellation are indicative of enhanced BPWs with en-

hanced poleward wave reflection. To provide further

evidence for enhanced poleward wave reflection,

Figs. 10 and 11 extend the analysis shown in Fig. 9 by

only including planetary waves with zonal wavenumbers

2 and 3. Figure 10a is similar to Fig. 9d but for wave-

numbers 2 and 3 during December–February. It shows

that the solar signal in midwinter is marked by positive

anomalies of seasonal averages of negative daily y0T 0 at
358–458N and 1–5hPa, indicating reduced downward

reflection near the upper-stratospheric westerly jet.

Negative anomalies are found at 658–808Nand 7–30hPa,

suggesting enhanced downward reflection in the high

latitudes. Consistent with these anomalies, the opposite-

signed anomalies of the frequency occurrence of nega-

tive daily y0T 0 are found in the corresponding regions

(Fig. 10b). Thus, Fig. 10 suggests that downward wave

reflection has shifted from the subtropics to the high

latitudes under HS. This is consistent with the down-

ward wave reflection observed and reported recently by

Lu et al. (2017).

Figure 11 is similar to Fig. 9b but for wavenumbers 2

and 3 and for the 2-month running averages from No-

vember toMarch. The climatology resembles that of the

total planetary waves (see Fig. 9b), suggesting that

FIG. 9. (a) Climatology (contours) and solar composite difference (HS2LS; shaded) ofNovember–Februarymean

momentum flux u0y0 of planetary waves (m2 s22). (b) As in (a), but only includes those days when a negative u0y0

occurred at each latitude and pressure location. (c),(d) As in (a), (b), but for heat flux y0T 0 (Km s21). The hatching

and cross hatching indicate that the differences are statistically significant at p value # 0.1 and 0.05, respectively.
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climatological poleward reflection of wavenumbers 2

and 3 takes place primarily at high latitudes. A solar

modulation of the seasonally averaged negative daily

u0y0 is marked by the regions with negative anomalies

(i.e., blue-shaded regions), indicating enhanced pole-

ward wave reflection under HS. Negative anomalies first

appear at 558–708N and 5–20hPa in November–

December and then move poleward and downward

as the winter progresses. From midwinter they

become persistently strong and statistically significant

in the high-latitude lower stratosphere. Thus, these re-

sults suggest that the reduced upward-propagating

wavenumbers 2 and 3 at 308–458N and 1–5 hPa (see

Fig. 10) is due to enhanced poleward reflection of

wavenumbers 2 and 3 below in the mid-to-lower

stratosphere.

Figure 12 provides evidence to suggest that solar-cycle

modulation of internal wave reflection may lead to res-

onant growth of transient wavenumbers 2 and 3 in

midwinter. It shows the latitudinal distributions of the

wave power (in units of m2) of waves with zonal wave-

numbers 2 and 3 and with a period of 10 days at 10 hPa.

The wave power is detected and estimated using the

Hayashi spectra method and daily geopotential height

FIG. 11. (a)–(c) Running 2-month averages of the seasonal averages of u0y0 for planetary waves with zonal wavenumbers of 2 and 3 from

November to February. As in Fig. 9b, the averages include only those days during which a negative daily mean u0y 0 of the planetary waves
with zonal wavenumbers of 2 and 3 occurred. The hatching and cross hatching indicate that the differences are statistically significant at

p value # 0.1 and 0.05, respectively.

FIG. 10. (a) Climatology (contours) and solar composite difference (HS 2 LS; shaded) of December–February-

averaged heat flux y0T 0 (Km s21) for planetary waves with zonal wavenumbers 2 and 3 only. (b) Climatology

(contours) and solar composite difference (HS 2 LS; shaded) of the number of days during which negative daily

mean y0T 0 of planetary waves with zonal wavenumbers 2 and 3 occurred. The hatching and cross hatching indicate

that the differences are statistically significant at p value # 0.1 and 0.05, respectively.
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field over the months of November–February. The

greater the power, the larger the wave amplitudes. Sim-

ilar results can also be obtained at the pressure height

range of 5–30hPa (not shown), suggesting that the effect

is of stratospheric origin and is linked to the enhanced

BPWs in the stratospheric surf zone at 358–458N.

It is evident that these transient wavenumbers 2 and 3

are significantly enhanced for the total, eastward- and

westward-propagating waves under HS. The enhance-

ment of eastward-propagating waves is most significant

at 408–608N where the wave-1 BPWs are enhanced (see

Fig. 7). Figure 12 (top right) implies that eastward-

propagating transient waves with zonal wavenumbers 2

and 3 and at 10-day period are anomalously generated

and/or reflected from the regions with enhanced BPWs.

Figure 12 (bottom left) shows that the enhancement of

westward propagation is however found at 558–658N,

where the polar vortex edge is located. While the am-

plitudes of the westward-propagating and standing wave

components are rather small under LS (see Fig. 12,

bottom), they become noticeably greater than zero un-

der HS. Together, Fig. 12 indicates that higher solar

activity leads to enhanced poleward reflection of tran-

sient wavenumbers 2 and 3 from the stratospheric surf

zone. Resonant excitation is expected as a result of

counterpropagating waves or enhanced overreflection

(Harnik and Heifetz 2007). Once these waves become

internally trapped in the stratosphere, a constructive

interference could lead to resonance. Based on these

results, we propose that resonance offers a possible ex-

planation for the enhanced stationary wavenumbers 2

and 3 in late winter (see Fig. 8d).

4. Conclusions and discussion

This study provides evidence to suggest that the 11-yr

solar cycle modulates the seasonal development of the

northern winter stratosphere by affecting breaking

FIG. 12. Spectra power (m2) of the transient planetary waves with zonal wavenumbers of 2 and 3 and a period of

approximately 10 days of (top left) total, (top right) eastward-propagating, (bottom left) westward-propagating,

and (bottom right) standing waves as a function of latitude (208–908N) at 10 hPa and for the extended midwinter

period of November–February. The gray dashed and red solid lines represent the mean values under HS and LS

conditions, while the corresponding shaded regions represent the 90% confidence intervals of the mean.
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planetary waves (BPWs), internal wave reflection, and

resonance. Based on ERA-Interim for the period of

1979–2014, we find that four key sequential steps are

involved regarding the dynamical responses to en-

hanced solar forcing during boreal winter, as illustrated

in Fig. 13. The chain of events is expanded below.

1) The enhanced solar UV forcing in the upper strato-

sphere leads to changes in upper-stratospheric temper-

ature, winds, and waveguides in early winter. The chain

of events starts with enhanced subtropical westerlies,

which lead to enhanced poleward refraction of plane-

tary waves at approximately 3hPa. The changes above

this level include an enhanced PV gradient qf on the

equatorward flank of the westerly jet at 308–458N,

stronger wave breaking at high latitudes at 658–908N
andmuch reducedqf between these regions.Enhanced

upper-level BPWs erode the PV gradient at 548–608N
and 1–3hPa, which becomes negative in December.

Wave growth via barotropic energy transfer leads to an

intensification of poleward wave reflection. Wave

breaking at high latitudes results in a reflecting surface

to form in the polar upper stratosphere.

2) Subsequent upward-propagating planetary waves

are reflected downward into the mid- and lower

stratosphere, where they are then deflected toward

the lower latitudes. Enhanced equatorward wave

propagation led to wave absorption at 358–458N
and 5–20hPa, resulting in a widening of the mid-

stratospheric surf zone. Together with an equatorward

shift of the upper-level waveguide, the stratospheric

waveguide becomes constricted at about 458–608N and

5–10hPa. Reduced upward wave propagation through

the region results in a stronger upper-stratospheric

westerly jet in early winter.

3) After January, the regions with enhanced BPWs in

the polar upper stratosphere and the midstrato-

spheric surf zone act as ‘‘barriers’’ for subsequent

upward and equatorward wave propagation. As the

waves entering the stratosphere become trapped

internally within the stratosphere, anomalies of zonal

wavenumbers 2 and 3 are generated and reflected

poleward from the stratospheric surf zone with

enhanced BPWs as a result of the incident waves

rearranging the PV locally via a nonlinear critical

layer (Haynes 1989). The poleward-reflected waves

then interact with the polar vortex and the stationary

waves propagating from the troposphere.

4) The poleward reflected transient wavenumbers 2 and

3 with certain phase speeds become resonantly

excited near the polar vortex edge. Such an effect

is signified by the counterpropagating 10-day tran-

sient wavenumbers 2 and 3. At the same time, the

equatorial flank of the polar vortex at 5–20hPa

is gradually shaped by the enhanced BPWs. The

stratospheric waveguide becomes more vertically

aligned, guiding the waves to propagate upward and

poleward along the high-latitude route. The com-

bined effect is the presence of stronger wave distur-

bances that encompassed much of the extratropical

upper stratosphere. This leads to a weaker and more

disturbed upper-stratospheric westerly jet and down-

ward moment of easterly wind anomalies in

late winter.

The chain of events illustrated in Fig. 13 provides a

mechanistic view regarding the observed sign reversal of

the solar cycle signal, whereby HS 2 LS differences are

characterized by a stronger and colder polar vortex in

early winter and a more disturbed and warmer vortex in

late winter. Here, the effect is explained as a delay and

deepening of the seasonal development of stratospheric

wave–mean flow interaction via enhanced BPWs, in-

ternal wave reflection, and resonance. The associated

changes in stratospheric waveguide under HS disrupt

the classic mechanism that involves the downward

movement of zonal-mean anomalies via the cascade

effect of wave breaking below a critical layer. It is

FIG. 13. Schematic diagram showing the sequence of steps (1–4)

that contribute to the sign reversal of stratospheric circulation

anomalies for higher solar forcing. The red half oval represents

solar UV enhanced temperature anomalies while orange-shaded

ovals indicate the upper-stratospheric subtropical westerly jet and

the stratospheric polar vortex. These two jets would become more

separated under HS than LS conditions. The gray-shaded regions

represent the regions with enhanced BPWs and internal wave re-

flection. The solid streamlines indicate enhanced planetary wave

propagation. The dashed streamlines indicate resonant wave dis-

turbances. The subtropical zero-wind line is shown with the blue

curve. See text for detailed explanations.
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necessary to check the extent to which these processes

are represented in climate models, given that the chain

of events depends critically on BPWs in the uppermost

stratosphere in early winter and nonlinear wave re-

flection from the midstratospheric surf zone in

midwinter.

Idealized studies have shown that BPWs are sensitive

to a range of factors, including meridional and vertical

wind shears, the strength of the upward-propagating

waves, axisymmetric boundary conditions, and model

resolution (Waugh and Dritschel 1999; Polvani and

Saravanan 2000; Walker and Magnusdottir 2003). In

particular, the upper-stratospheric BPWs are mani-

festations of complicated interactions between the

background flow and wave activity from the tropo-

sphere. The upper-level BPWs require the wave forc-

ing from the troposphere to be relatively small (Waugh

and Dritschel 1999). Also, to allow the partial wave

cavity to form in midwinter, strong BPWs aloft should

also be accompanied by a stable polar vortex below

(Polvani and Saravanan 2000). The mechanisms illus-

trated in Fig. 13 could be interrupted by other processes.

For instance, in the event when the lower-stratospheric

QBO is in its easterly phase, the enhanced BPWs in the

lower and middle stratosphere would lead to a re-

duction of the PV gradient along the polar vortex edge

(White et al. 2015, 2016). These lower-level QBO-

induced BPWs would then inhibit upward wave prop-

agation, shielding the upper stratosphere from BPWs.

This provides an explanation for the solar-cycle and

QBO relationship observed earlier by Labitzke (1987)

and the weakened Holton–Tan effect under HS

conditions.

We emphasize that the data record used by this study

covers only the period of 1979–2014, which is relatively

short for studying an 11-yr perturbation. Perturbations

in the stratosphere on decadal and multidecadal time

scales may also be linked to changes in the troposphere,

such as El Niño–Southern Oscillation (ENSO) or the

Pacific decadal oscillation (PDO). The presence of these

decadal variations could affect the reported solar signal.

Because of the nonlinear coupling between the waves

and the stratospheric mean flow, the dynamic response

to the 11-yr solar UV variation may not be stationary for

extended periods. Possible regime changes in either the

tropospheric wave generation or the stratospheric

background flow could result in characteristic and/or

temporal variation of the BPWs. Decadal and multi-

decadal changes in these conditions would give rise to

rather small or even a lack of solar signal in long-term

averages either in observations or in model simulations.

Given that our evaluation is constrained by the un-

certainties in the reanalysis data, additional studies are

needed to evaluate the robustness of the proposed

mechanisms.
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