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ABSTRACT

Observational studies have shown that, on average, the quasi-biennial oscillation (QBO) exhibits a faster

phase progression and shorter period during El Niño than during La Niña. Here, the possible mechanism of

QBO modulation associated with ENSO is investigated using the MIROC-AGCM with T106 (;1.1258)
horizontal resolution. The MIROC-AGCM simulates QBO-like oscillations without any nonorographic

gravity wave parameterizations. A 100-yr integration was conducted during which annually repeating sea

surface temperatures based on the composite observed El Niño conditions were imposed. A similar 100-yr La

Niña integration was also conducted. The MIROC-AGCM simulates realistic differences between El Niño
and La Niña, notably shorter QBO periods, a weaker Walker circulation, and more equatorial precipitation

during El Niño than during La Niña. Near the equator, vertical wave fluxes of zonal momentum in the

uppermost troposphere are larger and the stratospheric QBO forcing due to interaction of themean flowwith

resolved gravity waves (particularly for zonal wavenumber$43) is much larger during El Niño. The tropical
upwelling associated with the Brewer–Dobson circulation is also stronger in the El Niño simulation.

The effects of the enhanced tropical upwelling during El Niño are evidently overcome by enhanced wave

driving, resulting in the shorter QBO period. The integrations were repeated with another model version

(MIROC-ECM with T42 horizontal resolution) that employs a parameterization of nonorographic gravity

waves in order to simulate a QBO. In theMIROC-ECM the average QBO periods are nearly identical in the

El Niño and La Niña simulations.

1. Introduction

The stratospheric quasi-biennial oscillation (QBO)

is a quasi-periodic oscillation of the equatorial zonal

wind between easterlies and westerlies with mean pe-

riod of about 28 months. The QBO winds affect the

meridional propagation of extratropical planetary

waves, resulting in a dependence of average Northern

Hemisphere polar night jet strength on the phase of the

QBO (Holton and Tan 1980; Dunkerton and Baldwin

1991). The QBOmodulation of the polar night jet is, on

average, accompanied by patterns of sea level pressure

change at high latitudes and the distribution of mid-

latitude storm tracks (Baldwin et al. 2001; Kidston et al.

2015; Gray et al. 2018). The stratospheric QBO also

appears to affect weather in the tropical troposphere, as

studies have related the patterns of tropical deep con-

vection to the QBO phase (Collimore et al. 2003; Liess

and Geller 2012). Chemical constituents such as ozone

and water vapor are also affected by circulation changes

associated with the QBO (Baldwin et al. 2001 and ref-

erences therein). Recently publications have also con-

nected the behavior of the Madden–Julian Oscillation

(MJO) to the QBO phase. Notably evidence has been

presented that the MJO is more active in the easterly

phase than in the westerly phase of the QBO, and

that the subseasonal predictability of the MJO is

higher during the easterly phase than the westerly
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phase (Yoo and Son 2016;Marshall et al. 2017; Nishimoto

and Yoden 2017). Overall there is strong evidence that

theQBO induces troposphere–stratosphere coupling and

affects both dynamical and chemical processes over a

wide meridional range.

The QBO is believed to be largely forced by atmo-

spheric waves generated by tropical cumulus convec-

tion, and it seems likely that a broad spectrum of waves

ranging from relatively small-scale inertia–gravity waves

(GWs) to planetary-scale equatorial waves contribute

significantly (Baldwin et al. 2001). More specifically,

evidence suggests that thewesterly acceleration phase of

the QBO is forced by large-scale Kelvin waves and

inertia–gravity waves (GWs) with a range of horizontal

scales, while the QBO easterly mean accelerations are

mainly driven by small-scale GWs (Hamilton et al. 1999;

Kawatani et al. 2010a,b; Evan et al. 2012). Climate

models with modest horizontal and vertical resolutions

have generally not been able to simulate the QBO

without a representation of the effects of subgrid-scale

nonorographic gravity waves via a GW parameteriza-

tion (GWP). Various in situ and remote sensing tech-

niques currently allow some aspects of the GW field in

the tropical stratosphere to be observed, but these are

inadequate to determine the full global distribution and

temporal variations of gravity waves and their sources

(e.g., Alexander et al. 2010). NonorographicGWPs have

thus been developed based on generally oversimplified

physical assumptions such as gravity wave sources

and/or launch levels held constant in space and time.

While the QBO in the equatorial stratospheric zonal

wind is notable for usually having a fairly repeatable

evolution through each cycle, there are some quite ap-

parent variations in the period and amplitude from

cycle-to-cycle. The nature of this cycle-to-cycle vari-

ability is still not completely understood, but possible

mechanisms that have been advanced include the in-

teraction with annual cycle (leading to a tendency for

the QBO to sometimes approach a state nearly locked

onto 2- or 3-yr periods: Dunkerton 2017), effects of the

solar cycle, effects of major volcanic eruptions and

the effects of long-term forced climate change. Given

the large effect of the El Niño–Southern Oscillation

(ENSO) cycle on tropical convection, it is reasonable to

suppose that ENSOmay have a role inmodulatingQBO

behavior. This idea has been considered since at least

the early papers of Maruyama and Tsuneoka (1988) and

Geller et al. (1997), and was given strong support from

the more recent work of Taguchi (2010) who analyzed

radiosonde observations of zonal wind from 70 to 10hPa

over Singapore (1.38N) during the period 1953–2008.

Taguchi reported that, on average, the QBO signals

exhibit faster phase propagation during El Niño than

during La Niña conditions, and the amplitude of the

QBO is weaker during El Niño. Yuan et al. (2014) largely

confirmed these results in their analysis of radiosonde

data from 10 near-equatorial stations, although they

found that the ENSO influence on the QBO amplitude

appears to be less robust than the ENSO influence on the

QBO period.

As first shown in the classic works of Lindzen and

Holton (1968) and Holton and Lindzen (1972), the in-

teraction of dissipating, vertically propagating waves with

the mean flow in the stratosphere should produce shear

zones that exhibit apparent downward propagation. In the

real atmosphere this effect should be opposed (and hence

slowed) by the large-scale mean upwelling we expect near

the equator in the stratosphere. We expect that, by itself,

increased upwelling would slow the downward QBO

phase propagation and hence lengthen the QBO period

(Dunkerton 1997). Previous research has indicated that

tropical upwelling is stronger during El Niño (Randel

et al. 2009; Calvo et al. 2010; Simpson et al. 2011). Thus the

shorter QBO periods during El Niño found by Taguchi

(2010)must presumably be explained by an increasedwave

driving of themean-flow accelerations, a point that Taguchi

(2010) makes as well.

Schirber (2015) conducted a global model study of the

ENSOmodulation of the QBO. Specifically, he used the

general circulation model (GCM) ECHAM6 (Stevens

et al. 2013) which has a GWP in which the wave sources

are assumed to depend on the strength of the model

simulated moist convection as well as the mean winds in

the source region (Beres et al. 2004). Schirber con-

structed two ensembles of different QBO initial condi-

tions, with the onset of a westerly or easterly jet at

10 hPa, and integrated the model for 18 months for El

Niño conditions and then for La Niña conditions. The

parameterized GW mean momentum source in his ex-

periment turned out to be ;15% larger in the El Niño
run than in the La Niña run (refer to their Fig. 4), due to

the El Niño induced increased precipitation and con-

vective heating. Schirber found that the simulated QBO

period is shorter in his El Niño runs than in his La Niña
runs, and that the increased wave driving in the El Niño
runs was found for both the resolved and parameterized

waves. A momentum budget analysis indicated that the

main driver of Schirber’s simulated QBO is the param-

eterized gravity wave forcing, especially in the easterly

acceleration phase. Note that a discussion of ENSO ef-

fects on the QBO is included in the recent review article

of Domeisen et al. (2019).

The observed systematic ENSO effects on the QBO

present a useful ‘‘yard stick’’ for evaluating compre-

hensive model simulations. Such evaluation may pro-

vide some degree of confidence in the ability of models
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to simulate in a realistic manner the dynamics of the

stratospheric QBO and its response to external forcing.

An accurate simulation of the QBO–ENSO connection

would also valuable for models used in practical sea-

sonal, and even further extended-range, weather fore-

casts (see Boer and Hamilton 2008; Scaife et al. 2014).

Given the QBO teleconnections with tropospheric

circulation, practical extended-range weather forecasts

will be improved with accurate representation of

ENSO, the stratospheric QBO and the ENSO–QBO

connection.

In the present study, we investigate possible mecha-

nisms of ENSO modulation of the QBO using two

global atmospheric models developed under the Model

for Interdisciplinary Research on Climate (MIROC)

framework.Onemodel used is theMIROC-Atmospheric

General Circulation Model (MIROC-AGCM) version

employed in the earlier study of Kawatani et al. (2011).

It is notable that sufficiently fine-vertical-resolution

versions of the MIROC-AGCM simulate a fairly re-

alistic tropical stratospheric QBO (Kawatani et al. 2009,

2010a,b, 2011, 2014, 2019). Here, we set a vertical reso-

lution of 550m from the upper troposphere to the

stratosphere and a horizontal resolution of ;120km

(T106). No nonorographic GWP is included; thus, the

simulated QBO is driven by only the resolved waves.

The second model used here is the atmospheric part of

the Model for Interdisciplinary Research on Climate,

Earth System Model (MIROC-ESM; Watanabe et al.

2011) with a stratospheric vertical resolution of 700m

and a horizontal resolution of ;312km (T42). In con-

trast with the MIROC-AGCM, the MIROC-ESM does

include a Hines-type nonorographic GWP (Hines 1997),

which is crucial to the simulation of amean-flowQBO in

this model (Watanabe and Kawatani 2012).

Rather than performing an ensemble of relatively

short integrations (as in Schirber 2015) our study em-

ployed century-long continuous model integrations with

annually repeating prescribed SSTs appropriate for

typical El Niño and La Niña conditions. While the SST

evolution experienced by the atmospheric model in this

case is unrealistic in some respects (e.g., the SST field

appropriate for the mature phase of an El Niño at the

end of each calendar year is effectively followed by the

developing phase of another El Niño in the first months

of the following year), this simple design naturally

produces a broad sampling of QBO phases relative to

the annual cycle (although we acknowledge a limitation

in that in the real world El Niño’s and La Niña’s begin or
fade at various times of year). By basing our prescribed

SST anomalies on composites of large numbers of actual

historical months we can construct observed composites

for various atmospheric fields that can be used for

comparison with our model’s perpetual El Niño and

La Niña runs.

This paper is arranged as follows. Section 2 describes

the models and the experimental design. Section 3

describes the ENSO modulation of the QBO and

climatological differences in the mean fields in the

MIROC-AGCM experiments. Section 4 investigates

wave forcing differences between El Niño and La

Niña in the MIROC-AGCM. Section 5 discusses the

ENSO modulation of the QBO in the MIROC-ESM

with fixed parameterized gravity wave sources. Section 6

summarizes the study and provides the conclusions.

2. Model description and experimental design

We use the same MIROC-AGCM model as in

Kawatani et al. (2011). This version of the atmospheric

part of the MIROC3.2 (Hasumi and Emori 2004) model

(MIROC-AGCM) has a horizontal resolution of T106

spectral truncation, which corresponds to a grid interval

of approximately 120 km in the tropics (1.1258). A total

of 72 vertical numerical levels are used (L72) with the

top boundary at 1.2 hPa (;47km). The vertical resolu-

tion is close to 550m from ;300 to 5 hPa, which should

assist with adequate representation of the mean-flow

interaction with vertically propagating waves (Kawatani

et al. 2019). Above 4.5 hPa, the model includes artificial

damping in a ‘‘sponge layer.’’ The McFarlane (1987)

orographic GWP is employed, but no parameterization

of nonorographic gravity wave effects is included. Hence,

the simulated QBO is driven by explicitly resolved waves

in themodel. After a spinup period in each case themodel

was integrated continuously for 100 years for each of El

Niño and La Niña cases.

The prescribed SST anomalies used in our El Niño
case were functions of time of year and were computed

from the AMIP SST data during 1950–2012 as the

composite anomaly for each calendar month over all

the months in the record classed as being in El Niño
conditions. The same procedure was used to construct

our annually repeating La Niña SST anomalies. In the

construction of the composite SST patterns, the

characterization of the ENSO state followed that of

the Japan Meteorological Agency (JMA). The JMA

data and data description are provided on the agency

website (http://ds.data.jma.go.jp/tcc/tcc/products/elnino/

index.html).

The JMA definition of El Niño (La Niña) is such that

the 5-month running-mean SST deviation for Niño-3
(58S–58N, 1508–908W) continues at 0.58C (20.58C) or

higher (lower) for 6 consecutive months or longer. The

Niño-3 SST deviations are calculated by the monthly

mean SST in Niño-3 minus the monthly mean SST
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climatological reference based on the latest sliding 30-yr

period (see more details on the JMA website).

The El Niño and La Niña months are selected in-

dividually for each calendar month (i.e., each January,

February, . . . , December) following the definition of the

JMA. Monthly SST data are weighted by the values of

the Niño-3 SST deviation and are then averaged.

As an example, we show here the procedure to create

our composite January El Niño SST anomaly. El Niño in
January occurred in the 15 years including 1952, 1958,

1964, 1966, 1969, 1970, 1973, 1977, 1983, 1987, 1988,

1992, 1998, 2003, and 2010 [referred to as SST(year)],

with a Niño-3 SST deviation of Niño-3 0.8, 1.5, 0.7, 1.3,

0.7, 1.0, 2.0, 1.1, 3.0, 1.2, 0.5, 1.5, 3.2, 0.8, and 1.1 [referred

as Niño-3(year)]. Our composite January El Niño SST at

any grid point, SST(lon, lat) where lon and lat represent

longitude and latitude, respectively, is then calculated

from the 15 individual January SSTs weighted by the

Niño-3 anomaly as follows:

SST(lon, lat)5�SST(lon, lat, year)

3NINO.3(year)=�NINO.3(year). (1)

Table 1 shows the number of El Niño and La Niña
months during a 63-yr period (1950–2012), with maxi-

mum and minimum Niño-3 temperature anomalies for

the El Niño and La Niña months, respectively. January

has 15 El Niño out of 63 months, with a maximum

anomaly of 3.2K (in 1998, see the JMA website). The

calculated composite SST anomaly for theNiño-3 region
in January is 1.92K, and corresponds to a ‘‘moderately

strong’’ El Niño.
Figures 1a and 1b show our annual-mean composite

SST deviations from the climatology for El Niño and

La Niña, and Figs. 1c and 1d show the composite Niño-3
SST anomalies through the year for El Niño and La

Niña, respectively. To see the annual cycle easily we

display a 2-yr period (just repeating the same composite

values). The El Niño anomalies are smaller in the boreal

summer and become larger in the boreal winter. Note

that the procedure we applied is not able to fully rep-

resent the development, mature phase, and decay of all

observed El Niño events since the evolution of an event

may occur over a period longer than 1 year. However,

the shape of the time evolution is similar to that seen in

real events, insofar as El Niño amplitudes tend to peak

during the boreal winter. On the other hand, La Niña
shows no clear standard seasonal development, and the

evolution of SST anomalies varies considerably among

individual La Niña events.

The monthly El Niño and La Niña SSTs used in our

model integrations are obtained by adding the com-

posite monthly SST anomaly to the monthly climato-

logical SSTs averaged from 1979 to 1998, respectively.

Only the imposed SSTs differ between our El Niño
and La Niña runs, and other prescribed fields, such

as the sea ice and stratospheric ozone distributions,

are the same.

In this study, we have also conducted the same

ENSO–QBO experiments using the atmospheric com-

ponent of MIROC-ESM (referred to simply as the

MIROC-ESM after this). The horizontal resolution for

this model is T42, and there are 80 layers from the surface

to 85km height (T42L80). The vertical resolution in the

stratosphere is ;700m. The Hines-type nonorographic

GWP with fixed wave sources is used (Hines 1997). In

MIROC-ESM, the QBO is spontaneously generated

via the combination of explicitly resolved wave forcing

and parameterized gravity wave forcing (Watanabe

and Kawatani 2012).

3. The ENSO modulation of the QBO and
climatological differences in the mean fields
in the MIROC-AGCM

Figure 2 shows a time–height cross section of the

monthly and zonal-mean zonal winds over the equator

in the El Niño and La Niña runs with the MIROC-

AGCM. The red and blue colors correspond to west-

erlies and easterlies, respectively. For simplicity, only

results from the first 20 postspinup years in each ex-

periment are shown here. In both runs, an obvious

QBO-like oscillation is simulated. Westerly phases in

the El Niño run sometimes penetrate to ;90hPa, while

they stop around ;70 hPa in the La Niña run. Notably

the westerly to easterly phase transitions around

30–50 hPa in the La Niña run display slower down-

ward progression.

TABLE 1. Number of El Niño and La Niña months during 1950–2012 based on data from the Japan Meteorological Agency. The max

and min rows indicate the maximum Niño-3 anomalies (K) for El Niño and minimum anomalies for La Niña, respectively.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

El Niño month 15 13 9 11 13 16 16 15 16 16 16 15

Max 3.2 2.6 2.1 1.8 2.1 2.0 2.5 2.9 3.0 3.3 3.6 3.5

La Niña month 16 15 13 14 12 12 15 15 16 16 16 16

Min 21.8 21.5 21.0 21.3 21.4 22.0 21.6 21.6 21.3 21.6 21.7 21.8
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Figure 3 presents the analysis of the periods of indi-

vidual QBO cycles in the El Niño and La Niña runs for

the entire 100-yr integrations. For each simulated cycle a

period with an integral number of months is computed

from the first month, during which the monthly and

zonal-mean zonal winds at 20 hPa change from westerly

to easterly, to the last month, defined as 1 month before

the next transition at 20 hPa. The QBO periods vary

FIG. 1. (top)Annual-mean composite SST deviations from climatology for (a) El Niño and (b) LaNiña. The color
interval is 0.3 K. (bottom) The time variation of the monthly mean composite Niño-3 SST deviation from clima-

tology for (c) El Niño and (d) La Niña. For visualization, two full repeating cycles are shown.

FIG. 2. Time–height cross sections of the monthly and zonal-mean zonal wind over the equator in the (a) El Niño
and (b) La Niña runs with the MIROC-AGCM. The color interval is 5 m s21.
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from 17 to 26 months for El Niño and 21 to 30 months

for La Niña. Solid lines show mean QBO periods:

22.4 months for El Niño and 24.6 months for La Niña.
Differences in the mean QBO period between the two

experiments are about 2.2 months which differs from

zero with a statistical confidence of$99%. The analysis

of the observed near-equatorial winds by Yuan et al.

(2014) arrived at long-term means for the QBO period

of 25 months for El Niño conditions and 31.8 months

for La Niña conditions.

Next, the QBO amplitude is investigated. Following

Dunkerton and Delisi (1985), at each level we first cal-

culate the standard deviation su of the monthly mean

time series after the mean seasonal cycle has been re-

moved and then estimate the amplitude as
ffiffiffi

2
p

su (this

assumes that almost all the interannual variability in the

monthly means in the equatorial stratosphere can rea-

sonably be attributed to the QBO).

Figure 4 shows vertical profiles of the QBO mean

amplitude over the equator in El Niño and La Niña, and
Fig. 4b depicts the ratios of the amplitudes between

El Niño and La Niña (El Niño divided by La Niña). The
QBO amplitude in El Niño is larger in the lowermost

(100–65 hPa) and middle (;45–17hPa) altitudes than in

La Niña, whereas the La Niña amplitude is larger above

;15 hPa and ;50hPa. The percentage differences are

largest in the lowermost stratosphere and around 30hPa

(up to 20%); the largest absolute difference is only

1.7m s21 and occurs at 25 hPa.

Now we will discuss the climatological annual-mean

differences in various fields between the El Niño and

La Niña runs, with a focus on those regions where the

differences are judged to be significant at greater than

95% confidence. The statistical confidence estimates are

based on the two-sided Student’s t test for sampling

the 100 individual yearly mean data for each of the

El Niño and La Niña runs. For comparison, observa-

tional estimates from ERA-Interim (ERA-I) and the

CPCMergedAnalysis of Precipitation (CMAP; Xie and

Arkin 1997) precipitation dataset are used. The com-

putation of the observed El Niño and La Niña com-

posites for each calendar month proceeded as for the

SST composites discussed in section 2, but using re-

analysis data (or gridded rainfall data in Fig. 6) restricted

to 1979–2012. The observed El Niño minus La Niña
results shown below in Figs. 5–7 are computed from

annual means of these composites.

Figures 5a and 5b show longitude–height cross sec-

tions of the climatological annual-mean zonal wind for

the El Niño and La Niña runs at 108N–108S. TheWalker

circulation is obviously different between El Niño and

La Niña. Both the easterlies in the Eastern Hemisphere

and the westerlies in theWestern Hemisphere are larger

in La Niña than in El Niño. Since theWalker circulation

filters gravity waves propagating from the troposphere

to the stratosphere, a weaker Walker circulation during

El Niño could result in more gravity wave propagation

into the stratosphere due to less filtering of gravity waves

(e.g., Figs. 6 and 7 of Kawatani et al. 2010b). This ar-

gument assumes critical-level absorption of otherwise

weakly damped, vertically propagating waves, similar to

the ideal model of Lindzen and Holton (1968).

FIG. 3. Time series of the QBO periods in the 100-yr (a) El Niño and (b) La Niña runs with the MIROC-AGCM.

Solid lines show the mean QBO periods for El Niño (22.4 months) and La Niña (24.6 months). Differences in the

QBO period between El Niño and La Niña have statistical confidence levels $99%.
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The El Niño minus La Niña differences in near-

equatorial zonal wind are shown in Fig. 5c for the

model and Fig. 5d for ERA-I. In the Pacific, around

1208E–908W, large easterly differences are found from

;500 to 80 hPa, and westerly differences are found

both below and above the region with easterly dif-

ferences. In other longitudes above ;500 hPa, west-

erly El Niño minus La Niña differences are seen, with

small easterly differences in the lower troposphere.

These patterns are very similar between the model

and ERA-I. Around 50–90 hPa, weak westerly dif-

ferences are found around in both ERA-I and the

model, due to slightly weaker easterly in El Niño than

La Niña.
Figures 6a and 6b show climatological annual-mean

precipitation differences in El Niño minus La Niña
for the CMAP observations and for the model. The

simulated differences, such as more precipitation in the

equatorial eastern Pacific and less precipitation around

the maritime continents, are similar to those in CMAP,

although the observed weaker precipitation to the

northeast of the Philippines in El Niño is not captured in

the model. Figure 6c depicts longitudinal variations in

El Niño minus La Niña precipitation differences aver-

aged over 108N–108S, while Fig. 6d shows latitudinal

variations in zonal-mean precipitation differences; again,

results are shown for the CMAP observations and our

model integrations. The longitudinal variations in equa-

torial precipitation differences and latitudinal differ-

ences in the zonal-mean precipitation in the model

are quite similar to those in CMAP. Zonal-mean

precipitation over the equator in El Niño is ;15%

larger than that in La Niña for both the CMAP ob-

servations and MIROC model.

Figure 7a shows the climatological annual- and zonal-

mean temperature in El Niño (purple lines) and LaNiña
(green lines) periods, along with their El Niño minus

La Niña differences computed from the ERA-I com-

posites. Figure 7c shows the same quantities for the

zonal-mean zonal wind and Figs. 7b and 7d present

comparable analysis for our model integrations. At

;308S–308N, in El Niño the troposphere is warmer and

the stratosphere is cooler (cf. Domeisen et al. 2019) for

both the model and ERA-I, although the model differ-

ences are spread somewhat wider meridionally. Cooler

differences to the polar side of the warm difference re-

gion in the troposphere are also seen in both the model

and ERA-I, and simulated warm differences in the mid-

to high-latitude stratosphere are also similar to those in

ERA-I. There are some discrepancies between the

model and ERA-I, such as the tropospheric temperature

anomalies having opposite signs around 608–908N.

The model also captures the overall pattern of zonal-

mean zonal wind differences seen in the observations

FIG. 4. (a) Vertical profiles of the QBO amplitude over the equator (m s21) in the MIROC-AGCM runs. The

QBO amplitude for each individual cycle is calculated at each level based on the dates on which the zonal-mean

zonal wind at 20 hPa changes fromwesterly to easterly. ThemeanQBO amplitude is averaged over 52 and 47 QBO

cycles for the El Niño and La Niña simulations, respectively. (b) The vertical profile of the ratio of the QBO

amplitude, El Niño divided by La Niña.
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(Figs. 7c,d). Over the equator, westerly differences

around 900hPa, easterly differences around 500–100hPa,

and westerly differences in the lowermost stratosphere

are seen in both the model and ERA-I. Westerly differ-

ences are found from the lower troposphere to the

stratosphere outside the equatorial region. Poleward of

these regions of westerly differences, easterly differences

are found from the surface to the stratosphere.

Different distributions of the background zonal-mean

zonal wind could alter the wave propagation properties

and thus modify the stratospheric Brewer–Dobson cir-

culation (BDC). The westerly El Niño minus La Niña
differences in the midlatitude lower stratosphere are

somewhat similar to what is seen in global warming

versus present day climate simulations (e.g., Kawatani

et al. 2011).

To analyze the wave propagation and zonal wave

forcing, the Eliassen–Palm flux (EP flux) in spherical

and log-pressure coordinates is used (Andrews et al.

1987):

F(f)5 r
0
a cosf(u

z
y0u0/u

z
2 u0y0) , (2)

F(z) 5 r
0
a cosff[f 2 (a cosf)21(u cosf)

f
]

3 y0u0/u
z
2 u0w0g , (3)

= � F5 (a cosf)21
›/›f[F(f) cosf]1 ›F(z)/›z . (4)

The zonally averaged momentum equation in terms

of the transformedEulerianmean (TEM) formulation is

expressed as

u
t
5 y*[f 2 (a cosf)21(u cosf)

f
]2w*u

z

1 (r
0
a cosf)21

= � F1X . (5)

In the above equations, r0, a, f, z, u, y, w, u, and f are

the log-pressure height-dependent density, the mean

radius of Earth, latitude, log-pressure height, zonal

wind, meridional wind, vertical wind, potential tem-

perature, and Coriolis parameter (f [ 2V sinf, where

FIG. 5. (top) Longitude–height cross sections of the climatological annual-mean zonal wind during (a) El Niño and (b) La

Niña averaged over 108N–108S. (bottom) Zonal wind differences in El Niño minus La Niña for (c) MIROC-AGCM and

(d) ERA-I. Differences with a statistical confidence $95% are shaded in (c), and those with absolute values $1 m s21 are

shaded in (d).
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V is the rotation rate of Earth), respectively. The sub-

scripts f, z, and t denote the meridional, vertical, and

time derivatives, respectively. The mean residual circu-

lations of the meridional and vertical components are

expressed by y* and w*. Eastward and westward wave

forcing of the mean flow correspond to the EP-flux di-

vergence and convergence (i.e., = � F. 0 and = � F, 0),

respectively. Note that below we will use the term

‘‘EP-flux divergence’’ loosely to refer to the eddy con-

tribution to the mean-flow acceleration [i.e., the third

term on the right-hand side in Eq. (5)]. The X term is

unresolved forcing, such as forcing due to a GWP.

Figure 8a shows the climatological annual-mean EP

flux and EP-flux divergence from explicitly resolved

eddies of all scales in the El Niño model run, while

Fig. 8b displays the zonal-mean-flow forcing due to pa-

rameterized orographic gravity waves also in the El

Niño run. The contour lines represent the zonal-mean

zonal wind. Positive and negative values of wave forc-

ing correspond to eastward and westward mean-flow

driving. Resolved waves with westward momentum

propagate upward around 308–708N and 308–708S and

equatorward in low latitudes (Fig. 8a). Equatorward

propagation becomes very weak around the 0ms21 lines

of the zonal wind. Around 608S and 608N, resolved

waves propagate directly upward toward the upper

stratosphere. On the other hand, there is large westward

wave forcing due to orographic GWP in the midlatitude

upper troposphere–lower stratosphere (UTLS) region

in both hemispheres where the westerlies are weak

(Fig. 8b). This forcing plays a substantial role in de-

celerating the upper part of the subtropical westerly jet.

Figure 8c shows the El Niño minus La Niña differ-

ences of the EP flux and its divergence. Large westward

forcing anomalies are found at 58–708N and 58–608S
around 30–100 hPa. The EP-flux differences indicate

that more waves with westward momentum preferen-

tially propagate into the lower stratosphere during

El Niño. As a result, westward forcing differences lie

above the eastward wave forcing in the UTLS off-

equatorial region.

Figure 8d shows the El Niño minus La Niña forcing

differences due to parameterized orographic gravity

waves. Note El Niño minus La Niña differences of sur-

face zonal winds over midlatitude mountains such

as the Himalaya, Rocky, and Andes Mountains are

small (not shown). Westward forcing differences due

to the orographic GWP occur in the midlatitudes

around 30–80 hPa in both the Northern and Southern

Hemispheres, whereas eastward forcing anomalies are

FIG. 6. Climatological annual-mean precipitation differences for El Niño minus La Niña for (a) CMAP and

(b) MIROC-AGCM. Color interval is 1 mmday21. Differences with absolute values$0.1mmday21 are shaded in

(a), and those with a statistical confidences $95% are shaded in (b). (c) Longitudinal variations of precipitation

differences at 108N–108S and (d) latitudinal variations of zonal-mean precipitation differences for CMAP (red) and

MIROC-AGCM (blue).
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seen below the westward forcing anomalies, especially

in the Northern Hemisphere (Fig. 8d). Given that the

surface winds over the major midlatitude mountain re-

gions change only very little between the El Niño and

La Niña simulations, the change in the orographic GWP

seen in Fig. 8d may be mainly due to changed mean-flow

filtering. Shifting the zero line of the zonal wind (see

purple and green lines in Fig. 7d) allows deeper pene-

tration of the orographic waves and spreading the

westward forcing from the waves to higher altitudes.

This result is somewhat similar to that seen in global

warming versus present day climate simulation (see

Fig. 7 in Kawatani et al. 2011).

Figure 9a shows the climatological annual-mean re-

sidual streamfunction differences in El Niño minus

La Niña runs. The residual mean circulation in El Niño
appears to be strengthened with the differences in

Fig. 9a generally corresponding to stronger upward and

poleward flow in the tropical stratosphere. As the wave

forcing differences by both resolved and parameterized

orographic gravity waves are primarily located in the

midlatitude lower stratosphere, it is notably the shallow

branch of the BDC that is seen to be intensified in the

El Niño run.

To investigate quantitatively the mean ascent in the

equatorial lower stratosphere, the residual vertical ve-

locity in the TEM formation is calculated as follows

(Andrews et al. 1987):

w*5w1 (a cosf)21(cosfy0u0/u
z
)
f
. (6)

Figure 9b shows the latitude–height cross section of the

climatological annual-mean w* differences in El Niño
minus La Niña. Corresponding to the residual stream-

function differences in Fig. 9a, tropical upwelling and

mid- to high-latitude downwelling differences are seen

FIG. 7. Contour lines show the climatological annual- and zonal-mean (a),(b) temperature and (c),(d) zonal wind for El Niño (purple)

and La Niña (green) for (a),(c) ERA-I and (b),(d) MIROC-AGCM. Contour intervals are 10K for temperature and 10m s21 for zonal

wind. Color shading indicates El Niño minus La Niña with absolute values $0.2K and 0.1m s21 in (a) and (c) and those with statistical

confidence $95% in (b) and (d). Color intervals are 60.2, 0.4, 0.6, 1, 1.5, and 3K for temperature and 60.5, 1, 1.5, 3, 4.5, and 6m s21

for zonal wind.
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in the w* field. Figure 9c shows the vertical profiles

of ratios of El Niño w* to La Niña w* (i.e., El Niño
divided by La Niña) averaged over 108S–108N, 158S–158N,

and 208S–208N. In the El Niño run, w* is strengthened

by up to 24% for 108S–108N, 21% for 158S–158N, and

17% for 208S–208N around 50–70 hPa, while the ra-

tio becomes closer to 1 or even less than 1 around

108S–108N in the middle to upper stratosphere. The

mean equatorial upwelling is strengthened much

more in the lower stratosphere than in the middle to

upper stratosphere.

If the wave forcing relevant to the QBO does not

change, w* could primarily determine the QBO period

(Dunkerton 1997). By itself, the increase seen in equa-

torial w* in the El Niño run should lengthen the QBO

period. The fact that we actually see that the QBO pe-

riods are significantly shorter in the El Niño run (Figs. 2

and 3 above) presumably implicates an ENSO depen-

dence of thewave driving of the equatorial mean flow. In

the next section we will examine the differences in the

waves and wave driving of the mean flow in the El Niño
and La Niña MIROC-AGCM simulations.

4. Wave forcing differences between El Niño and
La Niña in the MIROC-AGCM

In this section, differences in the wave forcing between

ElNiño andLaNiña are investigated.We computed fields

in a composite QBO cycle for each of our El Niño and

La Niña runs. The composite was defined based on the

phase of the zonal windQBO.Month 0 of the composite is

taken to be when the zonal-mean wind at 20hPa in the

deseasonalized and smoothed (5-month running-mean)

zonal wind series changes from westerly to easterly.

Composite values of the original unsmoothed data were

then computed for618months around these 0months. A

total of 52 and 47 cycles from the 100-yr simulations are

averaged for El Niño and La Niña runs, respectively.

Figure 10 shows the near-equatorial (108S–108N) re-

sults for composited zonal-mean zonal wind (thick black

FIG. 8. (top) Climatological annual-mean (a) EP flux (vectors) and EP-flux divergence (colors) and (b) zonal forcing due to orographic

GWP in the El Niño run. Zonal wind is contoured with intervals of 10m s21. (bottom) Differences in El Niño minus La Niña of (c) the

EP flux, its divergence and (d) parameterized wave forcing. The vertical components of the EP flux are multiplied by a factor of 660.

Color intervals are at 60.1, 60.2, 60.4, 60.8, 61.2, 61.6, and 62.0m s21 day21 in (a) and (b) and 60.25, 60.5, 61.0, 61.5, 62.0, 62.5,

and63.0m s21 day21 in (c) and (d). The arrow units are 5.03 107 kg s22 for (a) and 2.03 106 kg s22 for (c). Differences in El Niño minus

La Niña with statistical confidence levels $95% are colored in (c) and (d).
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contours) and the EP flux convergence from explicitly

resolved eddies (thin contours and shading). The de-

layed downward phase progression of the easterly re-

gime around 30–50hPa in La Niña relative to El Niño
seen earlier in Fig. 2 is also clear in these composites (see

the contour lines around 30–50 hPa duringmonths 3–9 in

Fig. 10). The westward forcing (corresponding to nega-

tive EP-flux divergence) around 40–70hPa is larger in

the El Niño simulation (see the 20.05ms21 day21 thin

color contour).

Figure 11 shows the time variation of the zonal wind

tendency ut [left-hand side in Eq. (5)], the EP-flux di-

vergence (third term on the right-hand side), and forcing

due to the residual circulation (first plus second term on

the right-hand side) through the El Niño and La Niña
QBO composites at 10, 20, and 40hPa. Note that in our

MIROC-AGCM simulations X (fourth term on the

right-hand side) is small in the equatorial region, as we

do not use nonorographic GWP. The shorter QBO pe-

riod in El Niño versus La Niña is evident in the com-

posite. Owing to cycle-to-cycle variability entering the

composite, there are minor differences in extrema be-

tween positive and negative lead times.

The period differences between El Niño and La Niña
in this MIROC-AGCM experiment are only about 10%

of the long-term-mean periods (see Fig. 3 above) so it is

not surprising that only fairly modest differences are

seen in the composite TEMmomentum budget analyses

in Fig. 11. However, the differences are quite systematic,

so for example, the zonal wind tendency at 40 hPa is

clearly weaker in La Niña both in the eastward (west-

erly) acceleration phase and the westward (easterly)

acceleration phases, as seen during months 27 to 22

andmonths 2 to 7, respectively. Such differences are still

found at 10 and 20hPa (e.g., months 4–7 at 10 hPa), but

they are more obvious at 40 hPa. El Niño versus La Niña

differences in wave forcing (red curves in the right-hand

panels) are very obvious at 40 hPa during westward ac-

celeration (negative values), but less so during eastward

acceleration (positive values). Wave forcing and forcing

due to advection by the residual circulation (blue

curves) generally have opposite signs. At 40hPa, dif-

ferences in the wave forcing between El Niño and

La Niña are larger than the differences in residual cir-

culation forcing, especially during the westward accel-

eration phase (negative zonal wind tendency ut). These

larger westward forcings in the El Niño run than in the

La Niña run are found from ;40 to ;60hPa (see the

blue curve in Fig. 10). The effects of the mean momen-

tum advection by the enhanced tropical upwelling as-

sociated the stronger BDC during El Niño are overcome

by enhanced wave driving, resulting in a shorter period

of the QBO.

Next, in order to investigate the contribution of

different horizontal scales of resolved waves to the

wave forcing differences between the El Niño and

La Niña runs, the EP-flux divergences associated with

zonal wavenumber (s) bands 1 # s # 11, 12 # s # 42,

and 43# s# 106 were calculated. Figure 12 shows the

time variation of the QBO composite zonal wave

forcing due to each of these wavenumber bands at 10,

20, and 40 hPa. At 10 hPa, wave forcing due to each

band is not very different between the El Niño and

La Niña runs. At 20hPa, some small differences, such

as a larger eastward wave forcing due to 1 # s # 11 and

westward wave forcing due to s $ 43 during El Niño,
are seen. At 40hPa, westward forcing is larger in all

wave bands, but with particularly strong contribution

from 43 # s # 106 (Fig. 12i).

It is worth noting also the systematic differences that

exist between eastward and westward wave forcings at

40 hPa, irrespective of ENSO [e.g., stronger westward

FIG. 9. Climatological annual-mean (a) residual streamfunction and (b) residual vertical velocity differences of El Niño minus La Niña
runs. Differences with statistical significances of$95%are colored. The color intervals are at 0,60.5,61,62,63,65, and610 kgm21 s21

in (a) and 0.01mm s21 in (b). (c) Ratio of the El Niño to La Niña runs for the climatological residual vertical velocity averaged over

108S–108N (black), 158S–158N (red), and 208S–208N (blue) as a function of height.
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forcing than eastward forcing due to 1 # s # 11 waves

(Fig. 12g) and stronger eastward forcing than westward

forcing due to 12 # s # 42 waves (Fig. 12h)]. These

results are possibly affected by the simulated QBO

amplitude. The present MIROC-AGCM with T106

resolution underestimates the QBO amplitude in the

lower stratosphere. Kawatani et al. (2010a) indicated

the T213 AGCM simulates a more realistic amplitude of

the lower-stratospheric QBO than the T106 version (see

their Fig. 1 and Fig. 9). Kawatani et al. showed similar

time variation of monthly mean EP-flux divergence due

to 1# s#11, 12# s# 42, 43# s# 106 and 107# s# 213

in their Fig. 1 (only for one 3-yr realization). Eastward

wave forcing due to 1# s# 11 and 12# s# 42 are nearly

equal in their simulation. Underestimation of the lower-

stratospheric QBO amplitude in the present T106

AGCM may contribute to such differences.

These analyses reveal that wave forcing of the mean

flow from small-scale gravity waves (i.e., 43 # s # 106)

likely contributes importantly to the QBO period dif-

ferences between El Niño and La Niña (i.e., small-scale

gravity waves contribute more to total wave forcing

differences than do by larger-scale waves). As seen in

Figs. 10–12, the differences are more obvious in the

lower stratosphere than in the upper stratosphere. To

clarify this height dependence of the wave forcing, we

calculate the zonal wavenumber–frequency distribution

of the vertical component of the EP flux F (z):

F(z)(s,v)5 r
0
a cosfRef[f 2 (a cosf)21(u cosf)

f
]

3 ŷ(s,v)û*(s,v)/u
z
2 û(s,v)ŵ*(s,v)g.

(7)

The asterisk denotes a complex conjugate, and û, ŷ, ŵ,

and û are the Fourier coefficients of the zonal, meridi-

onal, and vertical winds, and the potential temperature,

respectively.

We selected pressure ranges of 123–114, 105–97, and

90–83 hPa for the analysis. El Niño minus La Niña dif-

ferences in the climatological annual- and zonal-mean

zonal wind over 108S–108N are slightly negative

(;21m s21) at 123–114 hPa, nearly zero at 105–97hPa,

and positive (;1.5m s21) at 90–83hPa (see Fig. 7d).

Note that, for linear vertically propagating waves, the

ground-based frequency v and zonal wavenumber k are

conserved in the vertical, assuming that the background

flow does not change with time or longitude, respec-

tively. The zonal wavenumber–frequency spectra of the

EP fluxes will change with height in response to critical-

level filtering and/or dissipation (Ern et al. 2008 and

references therein). Therefore, the space–time spectra

of F (z) at these altitudes, above filtering by the Walker

circulation, are suitable for investigating how wave

momentum fluxes relevant to the QBO differ between

El Niño and La Niña runs. The spectra are calculated

for successive overlapping segments of data and are

then averaged. Herein, 72 days with 12 days of overlap

between each segment are calculated (the total number

of segments is 600 for 100 years).

Figure 13a shows the zonal wavenumber–frequency

spectra of F (z) at 123–114hPa between 108S and 108N
averaged over all 100 years in the El Niño run. The solid

lines depict the zonal phase velocity relative to the

ground Cx. Positive zonal wavenumbers correspond to

positive Cx values (eastward propagation), and negative

zonal wavenumbers correspond to negative Cx values

(westward propagation). F(z) is mostly distributed over a

wide range of jCxj for both positive and negative zonal

wavenumbers. Eastward-propagating waves transport

the eastward momentum upward [i.e., negative F(z),

corresponding to positive u0w0; see Eq. (3)]. Note that

FIG. 10. Composite of theQBO108S–108Nzonal-mean zonal wind

(contour lines) andEP-flux divergence (shading) for (a) El Niño and
(b) La Niña runs with the MIROC-AGCM, where month 0 corre-

sponds to the westerly to easterly phase transition of the zonal wind

at 20 hPa. The contour line intervals are 5m s21. The shading in-

tervals are 60.05, 0.1, 0.15, 0.2, 0.3, 0.4, and 0.5m s21 day21.
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the negative F (z) is colored red in Fig. 13a. Eastward

momentum fluxes are seen for negative zonal wave-

numbers with 22 # Cx # 0m s21 consistent with ex-

pectations of upward-propagating waves within a weak

background mean easterly flow (22m s21).

Figures 13b–d show theF (z) ElNiño-to-LaNiña ratio for
each spectral component. The 123–114-hPa layer is just

above the ceiling for most deep convection (see Fig. 10 of

Kawatani et al. 2011), and in this layer jF(z)j values are
larger in El Niño than in La Niña for most spectral ranges.

This is particularly so for F(z) with jCxj # 10ms21. At

105–97 and 90–83hPa, the F(z) ratio shows that there are

much larger westward momentum fluxes in the El Niño
run, especially those with 210 , Cx , 22ms21. On the

other hand, the F (z) ratio for 2,Cx, 10ms21 becomes

smaller with the altitude increase. This is presumably

due to more filtering of eastward- (westward-) propa-

gating waves in El Niño (La Niña) above 90hPa asso-

ciatedwith westerlymean anomalies (Fig. 7d). Although

mean westerly anomalies are small (;1.5m s21), they

may act to enhance the contrast between changes in

vertical fluxes by eastward- and westward-propagating

waves; consistent with larger westward forcing during

El Niño than La Niña and to smaller differences of

eastward forcing at 40 hPa (Figs. 11 and 12).

To study further the upward-propagating waves

incident on the equatorial stratosphere, we investigate

the space–time dependence of their convective wave

FIG. 11. Composite of the QBO in the (a),(c),(e) zonal wind tendency and (b),(d),(f) EP-flux divergence

(red) and forcing due to the residual circulation (blue) at (a),(b) 10, (c),(d) 20, and (e),(f) 40 hPa averaged over

108S–108N. Solid and dashed lines correspond to the El Niño and La Niña runs with the MIROC-AGCM,

respectively.
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excitation. Figure 14a shows the zonal wavenumber–

frequency spectra of outgoing longwave radiation

(OLR) at 108S–108N for our 100-yr El Niño simulation.

Figures 14c and 14e show the El Niño over La Niña
ratios of simulated OLR and precipitation for each

spectral component. As shown earlier in Fig. 6, the

overall equatorial precipitation is larger by about 15%

for the El Niño simulation, but Fig. 14e shows that the

precipitation difference has significant variation among

space and time scales. The spectral components of both

OLR and precipitation with jCxj # 10ms21 are obvi-

ously larger in El Niño than in La Niña, similar to the

result seen in Fig. 13b for F (z) at 123–114 hPa (i.e., just

above the convective heating region). On the other

hand, spectral components of OLR and precipitation for

Cx , 210m s21 are smaller in the El Niño simulation

than in the La Niña simulation. Most spectral compo-

nents with Cx . 10m s21 are slightly smaller for pre-

cipitation but somewhat larger for OLR in El Niño
than in La Niña. Note that eastward components with

1 # s # ;20 and frequencies between 0 and ;1 cycle

per day are larger for both OLR and precipitation in

El Niño than for La Niña, irrespective of Cx.

While there are not sufficient real world data to

compute the detailed space–time spectra of the wave

fluxes, available satellite datasets can provide some

comparison for the space–time spectra of variables re-

lating to the convective source for the waves. In our

study we have used brightness temperature (Tb) data

from the cloud archive user service (CLAUS, Robinson

2013) for the period from July 1983 to June 2009

(;26 years) and the TRMM 3B42, version 7 (Huffman

et al. 2014) precipitation data from January 1998 to July

2017 (;19.5 years). The data are available globally

on a 3-hourly 0.58 3 0.58 longitude–latitude grid for

CLAUS and on a 3-hourly 0.258 3 0.258 grid for

TRMM 3B42. The combined Fourier–wavelet trans-

form, defined as a combination of the Fourier trans-

form in longitude and the wavelet transform in time,

was used to calculate spectra for these observed

quantities (Kikuchi 2014). This method provides an

instantaneous space–time spectrum at any given time.

First, the spectra were monthly averaged, and then the

composited El Niño and La Niña spectra were ob-

tained by the same procedure introduced in section 2.

However, the records of both CLAUS and TRMM

satellite data are considerably shorter than for the

SST data we used to define the ENSO composites

(e.g., for January we had El Niño, 15 samples for SST,

as shown in Table 1; but there are only 5 samples for

FIG. 12. As in Fig. 11, but for EP-flux divergence due to 1 # s # 11 (blue), 12 # s # 42 (green), and 43 # s # 106 (red) at (a)–(c) 10,

(d)–(f) 20, and (g)–(i) 40 hPa.
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CLAUS and TRMM; while, of course, our simulations

provide 100 samples for the model).

Figure 14b is the same as Fig. 14a but for observed

CLAUS Tb spectra in El Niño. The overall character-

istics are similar to the MIROC-AGCM simulated

OLR. Figures 14d and 14f show the El Niño to La Niña
spectral ratio for CLAUS Tb and TRMM precipitation.

In the CLAUS data, larger Tb power in El Niño is found

in the domain with jCxj # 10m s21, which is similar

to the model results. Smaller spectral power with

Cx,210ms21 in El Niño is also found in the Tb spectra

(also seen in the model), although the minimum ratio is

found along ;230m s21 in the CLAUS observations in

contrast to ;215ms21 in the model. In the Tb obser-

vations (Fig. 14b) there is an enhancement of the power

at high frequencies (greater than ;2.5 cpd) and very

high phase speeds (jCxj.;100m s21) that appears also

in the El Niño-to-La Niña ratio (Fig. 14d); this has no

counterpart in the OLR spectra from our model simu-

lation (Fig. 14c).

In the TRMM data, much larger spectral power is

seen in El Niño for ;60 # s # 60 and frequencies less

than 1 cpd. Interestingly, westward components

with 210 # Cx # 0m s21 are much larger, including

for large zonal wavenumbers, as seen in the model

precipitation, OLR, and observed CLAUS Tb data.

Eastward components with 1 # s # ;20 and 0 , cycles

per day , ;1 are larger in El Niño for both the

CLAUS Tb and TRMM precipitation, as also seen in

the model results. Comparing these two limited re-

cord observational datasets with the model, more

active convection with jCxj # ;10m s21 in El Niño
than La Niña is likely, although more detailed ana-

lyses and longer observed data lengths may be re-

quired to prove this hypothesis.

Herein, we propose the possible mechanisms of ENSO

modulation of theQBOby analyzing theMIROC-AGCM

and comparing with reanalysis and observational data.

Figure 15 is a schematic summarizing our diagnosis of

the ENSO modulation of the tropical atmospheric cir-

culation in MIROC-AGCM. Key points that emerged

from our analysis are:

(i) The period of the QBO is shorter in El Niño, and
the difference in theQBOmean zonal wind tendency

is obvious, especially in the lower stratosphere.

(ii) TheWalker circulation is weaker in El Niño, and so
less wave filtering in the upper troposphere may

occur, partially contributing to more wave propa-

gation into the stratosphere.

FIG. 13. (a) Zonal wavenumber–frequency spectra of the vertical component of the EP flux in the El Niño
MIROC-AGCM run averaged over 123–114 hPa and 108S–108N. Ratio of El Niño to La Niña for the vertical

component of EP flux averaged over (b) 123–114, (c) 105–97, and (d) 90–83 hPa and 108S–108N. The shaded in-

tervals are 60.1, 0.5, 1, 5, 10, and 50 kg s22 wavenumber21 cpd21 in (a). Shaded intervals are 0.03 in (b)–(d).
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(iii) Equatorial mean precipitation is;15% larger in

El Niño than in La Niña, consistent with larger

wave momentum fluxes seen in the uppermost

troposphere.

(iv) Quite distinct differences in the wave forcing

are found in small-scale gravity waves with zonal

wavenumbers$43 (zonal wavelengths,;930km)

in the lower stratosphere.

(v) The space–time spectrum of low-latitude convection

with jCxj , 10ms21, shows considerable enhance-

ment in El Niño versus La Niña. This should lead

to an enhancement of the wave forcing for these

FIG. 14. (a) Zonal wavenumber–frequency spectra of OLR in the MIROC-AGCM El Niño run for a 100-yr

average at 108S–108N and (b) those of brightness temperature data from the cloud archive user service

(CLAUS) during El Niño months from July 1983 to June 2009 at 108S–108N. Ratio of El Niño to La Niña for

(c) simulated OLR, (d) CLAUS brightness temperature, (e) simulated precipitation, and (f) TRMM 3B42.

TRMM data employed are for January 1998–July 2017. Shaded intervals are 0.1, 0.2, 0.3, 0.5, 1, 2, 3, 5,

10, and 20 3 1022 W2 m24 wavenumber21 cpd21 in (a) and 0.1, 0.2, 0.3, 0.5, 1, 2, 3, 5, 10, and 20 3
1021 K2 wavenumber21 cpd21 in (b). The shaded intervals are 0.03 in (c)–(f).
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relatively slow waves which may be expected to

contribute most importantly to the mean-flow ac-

celerations in the lowermost reaches of the QBO. It

is noteworthy that this aspect of the ENSO modu-

lation of convection is found also in satellite mea-

surements of precipitation and cloud brightness

temperatures.

(vi) The tropical upwelling associated with the BDC is

enhanced in El Niño, consistent with wave propa-

gation changes due to westerly wind anomalies in

midlatitudes. However, the expected effects of the

enhanced BDC during El Niño in delaying down-

ward QBO phase progression are overcome by en-

hanced wave driving, resulting in a shorter QBO

period in El Niño than in La Niña.

5. ENSO modulation of the QBO in the
MIROC-ESM with fixed parameterized
gravity wave sources

In this section, results from the MIROC-ESM are

discussed. As introduced in section 2, the horizontal

resolution of the MIROC-ESM is T42, and, thus, small-

scale gravity waves with s $ 43 cannot be explicitly

represented. The MIROC-ESM used the Hines-type

nonorographic GWP with a prescribed wave source at

the assumed ‘‘launch level’’ of 650hPa that is constant in

time and throughout the tropics (Watanabe et al. 2011).

Therefore, the upward flux at 650hPa of the parame-

terized GWs, and its assumed space–time spectrum,

does not respond to the El Niño versus La Niña differ-

ences in convection.

Figure 16 shows time series of the QBO periods in the

100-yr El Niño and La Niña integrations. In contrast to

theMIROC-AGCM results (Fig. 3), meanQBOperiods

are nearly identical between the El Niño (23.7 months)

and La Niña (24.1 months) cases, and this difference is

not statistically significant. We have confirmed that the

El Niño versus La Niña differences for the Walker

circulation, precipitation, as well as the latitude–height

sections of zonal-mean temperature, zonal wind,

EP-flux divergence, orographic GWP forcing, and

equatorial tropical upwelling are similar to those in

the MIROC-AGCM (not shown, see Figs. 5–9 for

the MIROC-AGCM results).

We constructed composite QBOs for the 108S–108N-

averaged fields from the MIROC-ESM integrations

following the same procedure used for MIROC-AGCM

in the previous section. Figure 17 shows the resulting

composited mean zonal wind together with measures of

wave driving of themean-flow accelerations. In Figs. 17a

and 17b we show the sum of the resolved wave forcing

(EP-flux divergence) plus parameterized nonorographic

GW driving [corresponding toX in Eq. (5)]. Figures 17c–f

display the resolved and parameterized wave driving

separately. The general pattern of total wave driving of

the mean-flow accelerations seen in Figs. 17a and 17b

is similar to that seen for MIROC-AGCM (Fig. 10a,b).

However, the total resolved wave forcing in the

MIROC-ESM (Figs. 17c,d) is much smaller than that in

the MIROC-AGCM. In the MIROC-ESM parame-

terized nonorographic gravity waves (Figs. 17e,f)

contribute more to westward forcing below 30 hPa

compared with the resolved waves, while the resolved

FIG. 15. Schematic illustration of the Walker circulation (thick vector), gravity waves (black vector), QBO

zonal wind (blue and pink), and equatorial residual vertical velocity (dashed vector) for (left) El Niño and

(right) La Niña.
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waves contribute more to eastward forcing below

30hPa. These results are consistent with Kawatani et al.

(2010a), who used a much higher resolution, T213L256

AGCMand showed that small-scale gravitywaves (s$ 43)

contribute to the easterly acceleration phase of the

QBO, especially in the lower stratosphere, while the

contribution of large-scale (1 # s # 11) waves is rela-

tively large in the westerly acceleration phase.

Figure 18 shows the terms in the zonal-mean equa-

torial zonal momentum budget through the QBO com-

posite cycle for MIROC-ESM in the same format as

Fig. 11, but including forcing due to parameterized

nonorographic GWs. The zonal wind tendency is very

similar between El Niño and La Niña, consistent with
the nearly identical mean QBO periods in the two cases.

At 40hPa, the resolved westward wave forcing (EP-flux

divergence) in El Niño is slightly larger than in La Niña
(see months 1–7), but the differences are small com-

pared with those in the MIROC-AGCM (Fig. 11f). This

is understandable because large El Niño versus La Niña
differences in the EP-flux divergence in the MIROC-

AGCM are primarily due to resolved waves with s$ 43

(Fig. 12i), which cannot be represented by the T42

MIROC-ESM. Interestingly, wave forcing due to pa-

rameterized subgrid nonorographic gravity waves is

nearly identical between El Niño and La Niña runs at all
three levels shown (10, 20, and 40 hPa).

While theQBOdoes not speed up in the low-resolution

model, neither does it slow down, despite the enhanced

upwelling. Relatively small differences in resolved waves

with s# 42 and fixed sources of parameterizedwaves only

compensate for increased tropical upwelling (not shown)

and could not overcome it, which result in the very

similar QBO period seen in the El Niño and La Niña
runs. The MIROC-ESM experiments are consistent

with our conclusion from our MIROC-AGCM runs

that GWs of relatively small scale (but still resolvable

at T106) contribute critically to the ENSO modulation

of the QBO. In a moderate resolution model, such as

T42, a realistic ENSO modulation of the QBO pre-

sumably requires a more sophisticated parameteriza-

tion of subgrid-scale GW effects.

6. Summary and conclusions

The QBO dominates the interannual variability in the

tropical stratosphere and has many connections with

circulation in the extratropics and the troposphere.

Adequate representation of the QBO thus plays a po-

tentially important role in both extended-range weather

forecasting as well as projections of climate response to

external forcing. Since the development of the first

global comprehensive atmospheric simulation models,

theQBOhas been a particular challenge to simulate and

such simulations depend on the subgrid parameteriza-

tion of moist convection and typically also on parame-

terizations of the mean-flow effects of GWs generated

in the troposphere. Given this dependence on rather

poorly constrained parameterizations, it is interesting to

examine how the model QBO simulations respond to

external forcing of the atmosphere. The relatively recent

observational findings of Taguchi (2010) and Yuan et al.

(2014) that there are systematic differences in the

average behavior of the QBO between El Niño and

FIG. 16. As in Fig. 3, but for T42L80 MIROC-ESM. Differences in the QBO period between El Niño and La Niña
are statistically insignificant.
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FIG. 17. As in Fig. 10, but for (left) El Niño and (right) La Niña, for (a),(b) resolved plus Hines-type parame-

terized nonorographic wave forcing, (c),(d) resolved waves, and (e),(f) parameterized waves for the T42L80

MIROC-ESM.
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La Niña periods provided the motivation of our inves-

tigation of this phenomenon in model simulations.

In our study we adopted a simple procedure to specify

boundary conditions appropriate for moderately strong

El Niño and La Niña conditions and then performed

long integrations for each of these cases. The integra-

tions were conducted first with the high-resolution

MIROC-AGCM and then repeated with the moderate-

resolutionMIROC-ESM. TheMIROC-AGCM is notable

for spontaneously simulating a fairly realistic strato-

spheric QBO, despite having no parameterization of the

effects of subgrid-scale nonorographic GWs, while the

MIROC-ESM is more typical of most current global

models in that it requires a GW parameterization

to produce a QBO in the tropical stratosphere. Our

analysis of the MIROC-AGCM simulation showed that

there was a significantly shorter QBO mean period

for the El Niño case than for La Niña, in qualitative

agreement with observations.

We showed that the El Niño versus La Niña QBO

period differences in the simulations could be interpreted

within a fairly simple conceptual framework. Specifically,

we expect the simulation to be affected by two competing

effects, namely the role of mean upwelling in delaying the

QBO phase descent and the role of upward-propagating

waves in driving the accelerations of the mean flow

through the QBO cycle. In both of our models the

El Niño state was found to have a more intense mean

upwelling in the tropical lower stratosphere [in agree-

ment with earlier expectations, see Domeisen et al.

(2019)]. This means that the wave forcing of the QBO

mean-flow accelerations must also increase in El Niño in

FIG. 18. As in Fig. 11, but for MIROC-ESM simulations. Note that the green lines in (b), (d), and (f) show the

parameterized nonorographic gravity wave forcing.
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order to compensate, and indeed our diagnosis of the

wave fluxes showed this. However, there were important

differences in the responses of the MIROC-AGCM and

MIROC-ESM in this regard. Notably the contribution

of waves with s $ 43 to the ENSO modulation of QBO

mean-flow accelerations is quite important in the

MIROC-AGCM simulations, while these waves are not

explicitly represented in the MIROC-ESM simulations.

Given that assumed tropospheric sources for the param-

eterized small-scale waves was fixed in MIROC-ESM, it

is not surprising that this model did not predict the sub-

stantial El Niño versus La Niña mean period difference

seen in the MIROC-AGCM (and in observations).

We analyzed the space–time spectrum of the wave

fluxes near the equator in the MIROC-AGCM simula-

tions and also computed the spectra of measures of

tropical convection (which should account for much of

the excitation of upward-propagating waves). We

showed the computed El Niño versus La Niña ratios as a
function of wavenumber and frequency for both the

wave fluxes and the measures of convection. The in-

creased wave fluxes entering the equatorial stratosphere

in El Niño are attributable to the increased convective

wave forcing seen at most wavenumbers and frequen-

cies. Less wave filtering by the weakened Walker cir-

culation in El Niño may also partially contribute to

larger wave fluxes in the lowermost stratosphere during

El Niño. A novel feature of our study was the compar-

ison of the El Niño versus La Niña space–time spectra

of simulated convection with satellite observations of

cloud brightness temperature and total precipitation.

Differences of mean QBO periods between El Niño
and La Niña in the MIROC-AGCM (;2.2 months) are

smaller than those estimated by Taguchi (2010). Of

course, our experiment with annually repeating pre-

scribed SST does not actually duplicate the conditions

experienced by the real atmosphere, making the com-

parison with Taguchi’s observed composites somewhat

imprecise. However, the apparently somewhat weak

sensitivity of the QBO period to ENSO in the MIROC-

AGCM may reflect inadequacies in some aspects of the

model performance. A notable limitation is the T106

horizontal resolution. Kawatani et al. (2010a) found by

using T213 AGCM that GWs with s $ 107 largely con-

tribute to the QBO driving, especially in the easterly

shear phase. The present T106 MIROC-AGCM could

not represent such smaller-scale GWs, and El Niño
minus La Niña wave flux differences thus may be un-

derestimated, resulting in smaller QBO period differ-

ences. The weaker amplitude of the QBO in the lower

stratosphere, which is common in many other AGCMs,

also may result in some discrepancy compared with the

real atmosphere.

In this paper, we focused on zonal-mean forcing of

the stratospheric circulation. As Geller et al. (2016a,b)

noted, the period of the modeled QBO depends mainly

on the magnitude of the zonally averaged gravity wave

momentum fluxes entering the equatorial stratosphere

and less on the longitudinal distribution of fluxes.

Kawatani et al. (2009, 2010b) have shown that the lon-

gitudinal variations of equatorial trapped waves, and

three-dimensional propagating inertia–gravity waves

depend significantly on the tropospheric background

winds and wave sources. It would be interesting to an-

alyze the ENSO modulation of the three-dimensional

wave forcing as well as tropical upwelling, which must

show large differences between El Niño and La Niña.
This may be investigated in a future study.

In the observed record there are cycle-to-cycle vari-

ations of QBO period that are clearly not explained

purely by ENSO modulation. Even in our model in-

tegrations which had imposed repeated annual cycles of

SST and no other interannual external forcing, there are

significant cycle-to-cycle QBO variations apparent (so,

for example, in our MIROC-AGCM El Niño run, the

individual QBO cycles we identified had periods ranging

from 17 to 26 months; see Fig. 3). Despite this consid-

erable internally excited variability, it is noteworthy that

in our 200 years of integration (for each of two models)

we always saw a reasonably standard progression of

wind evolution through each QBO cycle. We never saw

anything approaching the extremeQBOdisruption seen

in the real atmosphere in early 2016 (Osprey et al. 2016;

Newman et al. 2016). There has been speculation that

the strong (and somewhat unusual) El Niño in 2015 may

have contributed to the unusual QBO development

(Barton and McCormack 2017). Further model inte-

grations with a variety of SST forcing may be useful in

investigating a fuller (and possibly more realistic) range

of QBO behavior.

Ours is one of the first global model studies of the

ENSO–QBO interaction, but there has been more ex-

perience in model studies of another forced problem,

namely the response of the QBO in global warming

simulations (see Kawatani et al. 2011; Kawatani and

Hamilton 2013; Richter et al. 2019, manuscript sub-

mitted to Quart. J. Roy. Meteor. Soc., and references

therein). El Niño conditions might be expected to pro-

vide an analog of a globally warmed climate state, since

in the zonal mean El Niño is characterized by a warmer

equatorial troposphere and enhanced precipitation. The

present MIROC-AGCM simulations are of interest in

this regard as they have been performed with exactly

the same model as used by Kawatani et al. (2011) in

global warming (forced by doubled atmospheric carbon

dioxide concentrations) and present-day integrations.
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In the global warming case Kawatani et al. diagnosed

increased mean upwelling in the tropical lower strato-

sphere as well as enhanced resolved wave fluxes.

However, the details are somewhat different and the

overall effect of the warmed climate is actually a period

increase, showing that El Niño is a somewhat inade-

quate analog for the expected effects of global warming.

However, it is valuable to test models employed for

climate projections by using the ENSO cycle (for which

we can find actual observations of such features as the

QBO period and the spectrum of tropical convection).

The Stratosphere–Troposphere Processes And their

Role in Climate (SPARC) Quasi-Biennial Oscillation

initiative (QBOi) has begun extensive global model inter-

comparisons with a focus on the stratospheric QBO

simulation (Butchart et al. 2018). Four of the 11AGCMs

now involved in QBOi use GWPs with variable wave

sources, six have fixed sources for the GWPs and one

(MIROC-AGCM) has no nonorographic GWP. Richter

et al. (2019, manuscript submitted to Quart. J. Roy.

Meteor. Soc.) show that the changes in period of the QBO

in warming climate simulations varied quite significantly

among these models. Some models projected longer mean

periods and some shorter mean periods for the QBO in a

future warmer climate. The QBOi now has a project un-

derway to analyze multimodel ENSO–QBO experiments

similar to those described here with an eye to providing

further insight into the response of QBO in state-of-the-art

AGCMs to external forcing.
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