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We compare the response of the quasi-biennial oscillation
(QBO) to awarming climate in eleven atmosphere general
circulationmodels that performed time-slice simulations for
present-day, doubled, and quadrupledCO2 climates. No con-
sistencywas found among themodels for theQBOperiod re-
sponse, with the period decreasing by eight months in some
models and lengthening by up to thirteenmonths in others
in the doubled CO2 simulations. In the quadruped CO2 sim-
ulations a reduction in QBO period of 14months was found
in somemodels, whereas in several others the tropical oscil-
lation no longer resembled the present dayQBO, although
could still be identified in the deseasonalized zonal mean
zonal wind timeseries. In contrast, all themodels projected
a decrease in theQBO amplitude in a warmer climate with
the largest relative decrease near 60 hPa. In simulations
with doubled and quadrupled CO2 the multi-model mean
QBO amplitudes decreased by 36% and 51%, respectively.
Across the models the differences in the QBO period re-
sponse weremost strongly related to how the gravity wave
momentum flux entering the stratosphere and tropical ver-
tical residual velocity responded to the increases in CO2

amounts. Likewise it was found that the robust decrease
in QBO amplitudes was correlated across the models to
changes in vertical residual velocity, parameterized grav-
itywavemomentumfluxes, and to some degree the resolved
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J.H. RICHTER ET AL. 3

upwardwave flux. We argue that uncertainty in the repre-
sentation of the parameterized gravity waves is the most
likely cause of the spread among the eleven models in the
QBO’s response to climate change.
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1 | INTRODUCTION

The quasi-biennial oscillation (QBO) is themost prominent feature of the circulation of the equatorial stratosphere.
Alternating descending easterly andwesterly shear zones have been observed consistently near the equator between
100 and 10 hPa since 1953with an average period of 28months (Naujokat, 1986; Baldwin et al., 2001). TheQBO has
been shown to affect the strength of the stratospheric polar vortex (Holton, 1980), extratropical surface variability
(Anstey and Shepherd, 2014), tropical convection (Collimore et al., 2003), theMadden-JulianOscillation (MJO) (Son
et al., 2017; Yoo and Son, 2016), Pacific tropical cyclones (Ho et al., 2009) and Atlantic tropical cyclones over a portion of
the observational record (Camargo and Sobel, 2010). The QBO alsomodulates the tropical tropopause (Reid and Gage,
1985), stratospheric water vapor, ozone, andmethane (Randel et al., 1998). TheQBO is understood to bemaintained
largely bymomentum deposition from upward propagating large scale Kelvin andmixed-Rossby gravity waves, gravity
waves with horizontal scales of tens to thousands of kilometers, and vertical advection. Variability in these three forcing
terms contributes to the variable period of theQBO, which ranges from 22 to 34months in the observational record
(Baldwin et al., 2001). Although the basic mechanism ofQBO formation is well understood, many general circulation
models (GCMs) have difficulty reproducing this oscillation. Formost GCMs, the ability to reproduce theQBO is strongly
dependent on adequate vertical resolution, especially in the upper troposphere and lower stratosphere (Giorgetta
et al., 2006; Richter et al., 2014; Geller et al., 2016a), generation of Kelvin andmixed-Rossby gravity waves, and the
parameters of the gravity wave (GW) scheme, which are poorly constrained by observations. The partitioning of QBO
forcing between large scale and smaller-scale convectively generated waves is not precisely known and can only be
indirectly inferred from observations and models. Kelvin and mixed-Rossby gravity waves in GCMs are generated
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4 J.H. RICHTER ET AL.

largely by parameterized convection and vary greatly among the different models (Lin et al., 2006; Lott et al., 2014). GW
parameterizations are typically tuned to obtain the correct present-day period and amplitude of the oscillation, and
hence together with the forcing provided by resolvedwaves are a very large source of uncertainty inmodeling of the
QBO.

Due to the numerous impacts of the QBO on the tropospheric and the stratospheric circulation, it is important
to understand how theQBOwill change in a future climate. This will depend on how vertical advection, convectively
coupledwaves, and convectively generated gravity waves change and alter thewave-mean flow interactions. There
is observational evidence that changes in planetary-scale Rossbywave propagation can lead to surprising effects on
the QBO, like the unexpected breakdown of the QBO cycle in 2016 (Osprey et al., 2016; Coy et al., 2017). Several
studies have addressed the question of how theQBO is likely to change in a future climate, however the findings have
been inconclusive, primarily due to the large uncertainty associated with parameterized gravity waves. The model
study of the QBO changes in a warm climate by Giorgetta and Doege (2005) showed that the QBO period decreases in
doubled CO2 simulations from 29 to 26, 22, and 17months in experiments in which gravity wave source remained the
same, and increased by 10%, and then 20% respectively. TheQBO period reduction in the warming climate simulation
resulted from both the prescribed increase of wave sources and a simulated decrease in the tropical upwelling though
the latter is not in agreement withmost model projections of increased tropical upwelling in a warmer climate (Butchart
et al., 2006). Kawatani et al. (2011) used a model without parameterized non-orographic gravity waves and found
that the effect of enhanced mean tropical upwelling in a warming climate overwhelms the counteracting influence
from strengthened wave fluxes. Consequently, the amplitude of the QBO becomes smaller, especially in the lower
stratosphere and the period becomes longer. Watanabe and Kawatani (2012) also projected that the QBOwill lengthen
and the amplitude become smaller in a warming climate albeit in a model in which sources of parameterized gravity
waves remained fixed and the change in theQBO resulted from changes to the vertical residual velocity. Kawatani and
Hamilton (2013) analyzed four CoupledModel Intercomparison Project phase 5 (CMIP5) models that could simulate a
spontaneous QBO. They showed that a long term reduction in the QBO amplitude in the lower stratosphere is robust in
all fourmodels and they also found this clearly in observations at 70 hPa from1953 to 2012. On the other hand, the four
models produced different projections of theQBO period changes, while the 60-year observational record showed no
significant trends in QBO period. Schirber et al. (2015) found that the response of the amplitude and period of the QBO
to awarming climate was dependent on the configuration of gravity wave parameterizations in the ECHAMmodel.

The lack of agreement among these earlier studies on how theQBOmay change in the future and the need to under-
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J.H. RICHTER ET AL. 5

stand how assumptions in gravity wave parameterizations influence these findings helpedmotivate the Stratosphere-
troposphere Processes And their Role in Climate (SPARC) Quasi-Biennial Oscillation initiative (QBOi) designed to
improve the fidelity of tropical stratosphere variability in present day GCMs (Butchart et al., 2018). For phase 1 of
theQBOi, five experiments were designed in combination to: evaluate the ability of GCMs to represent theQBO in
present day climate (QBOi Experiments 1 and 2), examine the response of theQBO under climate-change forcings in
variousGCMs (QBOi Experiments 2, 3, and 4), and evaluate the ability of GCMs to predict theQBOwhen initializedwith
observations (QBOi Experiments 5 and 5a). Seventeen GCMs participated in phase 1 of theQBOi and carried out some
or all of the experiments (Butchart et al., 2018). In a companion paper, Bushell et al. (2019) describe the characteristics
of theQBO in the present day climate among thesemodels. Holt et al. (2019) evaluates the resolved tropical waves
and wave forcing of the QBO in these models and QBO teleconnections will be discussed in Anstey et al. (2019). In
this paper we discuss the response of the QBO in a doubled and quadrupled CO2 climate among eleven GCMs that
participated in Experiments 2, 3, and 4. We examine here the robustness of changes in theQBO and changes in QBO
forcings among thesemodels, as well as discuss the factors that contribute to the largest uncertainty in the response
of theQBO. The details of changes in themomentum budget in the three experiments will be reported in a follow-up
publication. QBO teleconnections in future climate, although crucial to understand, are beyond the scope of this paper.
The paper is organized as follows: themodels, experimental set-up, and changes to themean state of the stratosphere
are described in section 2. Section 3 describes changes to theQBO. Section 4 discusses changes in QBO forcing terms,
and section 5 presents the summary and conclusions.

2 | MODELS, EXPERIMENTAL SETUP, AND MEAN CLIMATE

2.1 | Models

Weutilize here output from eleven atmosphere only GCMs that participated in theQBOi and performed Experiments 2,
3 and 4. The participating models, GWparametrization specifications, and the length of simulations in each experiment
are listed in Table 1. For references tomodel descriptions, comparison of vertical/horizontal resolutions, time steps,
convection parameterizations, and numerical advection schemes among themodels, the reader is referred to Butchart
et al. (2018). Note that AGCM3-CMAMdid not perform Exp 4 because it was discovered that the radiative transfer
parameterization in the non-local thermodynamic equilibrium regionmay be erroneous when CO2 levels are larger
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6 J.H. RICHTER ET AL.

than twice the present-day concentration. Although this error might only affect temperatures at very high altitudes, it
was decided to not submit model runs in which the radiative physics contained a known error.

Themajority of theQBOimodels have fixed gravity wave sources, meaning that the spectrum of GWs launched
at the source level does not change as the climate changes and is fixed (as are all other model characteristics) be-
tween Experiments 2, 3, and 4. The only exception to that aremodels using the Hines (1997a,b) scheme (ECHAM5sh,
EMAC,MIROC-ESM, andMRI-ESM2), for which the GWwavenumber spectrum, and in particular the so-called "cutoff
wavenumber" depends on the buoyancy frequency at the source level, which varies between the experiments, resulting
in a change in total momentum flux at source level. Four of the elevenmodels (60LCAM5, CESM1(WACCM5-110L),
LMDz6, and UMGA7gws) have gravity wave source parameterizations that link the properties of non-orographic GWs
to the properties of their sources in the troposphere (described in more detail in Section 4.2). UMGA7 and UMGA7gws
differ only in the representation of parameterized gravity waves, with UMGA7 including a fixed and UMGA7gws
including a variable GW source spectrum. One of themodels, MIROC-AGCM-LL, is able to reproduce theQBOwithout
parameterizing non-orographic GWs. The cumulus parameterization inMIROC-AGCM-LL is based on themethod of
Arakawa and Schubert (1974), with a relative humidity limit method. Both this method and high vertical resolution
enable theMIROC-AGCM-LL to simulate theQBOwithout a non-orographic GWparameterization.

2.2 | Experimental Setup

The simulation setup for all models followed theQBOi protocol (Butchart et al., 2018):

• Experiment 2 (hereafter ‘Exp 2’) is a present-day time-slice experiment in which a repeated annual cycle of sea
surface temperatures (SSTs) and sea-ice is employed, and 2002 external forcings.

• Experiment 3 (hereafter ‘Exp 3’) is the same as Exp 2 but with a 2 K temperature perturbation added uniformly to
the SSTs and double the CO2 concentration of Exp 2.

• Experiment 4 (hereafter ‘Exp 4’) is the same as Exp 2 but with a 4 K temperature perturbation added uniformly to
the SSTs and quadruple the CO2 concentration of Exp 2.

No changes to the sea-ice cover were made in Exp 3 and Exp 4 despite the higher SSTs. Full details of the QBOi
Experiments can be found in Butchart et al. (2018).
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J.H. RICHTER ET AL. 7
TABLE 1 Models participating in QBOi Experiments 2, 3 and 4 and specifications of their non-orographic gravity
wave parameterizations (NOGWParam), GW source parameterization (NOGWSource), GW Source Level (GWSL), and
number of simulation years in Exp 2, 3, and 4. Somemodels performed several ensembles indicated by the number ’x’ in
the Yrs columns. AGCM3-CMAMdid not perform Exp 4. Non-orographic GWparameterizations are abbreviated as
follows: Hines (1997a,b) [Hi];Warner andMcIntyre (1999) [WM]; Lindzen (1981) [Li]; Lott et al. (2012) [Lo]).
Model NOGW NOGW GW Yrs Yrs Yrs

Param Source SL Exp 2 Exp 3 Exp 4

60LCAM5 [Li] Richter et al. (2010) Variable 3x38 38 38
AGCM3-CMAM [WM] Fixed 90 hPa 3x31 3x31 0
CESM1(WACCM5-110L) [Li] Richter et al. (2010) Variable 33, 2x35 31 31
ECHAM5sh [Hi] Fixed 600 hPa 30 30 30
EMAC [Hi] Fixed 643 hPa 106 106 106
LMDz6 [Lo] Lott and Guez (2013) 500 hPa 70 70 70
MIROC-AGCM-LL None N/A N/A 3x30 3x30 3x30
MIROC-ESM [Hi] Fixed 657 hPa 100 3x30 3x30
MRI-ESM2 [Hi] Fixed Surface 30 30 30
UMGA7 [WM] Fixed 4 km 105 105 105
UMGA7gws [WM] Bushell et al. (2015) 4 km 105 105 105

2.3 | Mean Climate

Figure 1 shows themulti-model mean change in the annual- and zonal-mean zonal wind and temperature as a function
of latitude and height for Exp 3 and 4 relative to Exp 2. All models are given equal weight in the presented multi-
model means. Consistent with the basic radiative effects of CO2 and increased SSTs, the temperature increases in the
troposphere and decreases in the stratosphere in Exp 3 and Exp 4 as compared to Exp 2, both for themulti-model mean
(Figure 1a, b) and also for each of the models (not shown). The multi-model response of the zonal mean zonal wind
to increased CO2 concentration and SSTs shows poleward shifting and upward expansion of themid-latitude jets in
the troposphere and strengthening of the extra-tropical jets throughout the stratosphere, especially in the Southern
Hemisphere (Figure 1c, d), broadly similar to previous studies (Barnes and Polvani, 2013; Shepherd andMcLandress,
2011; Simpson et al., 2014).

In the tropical troposphere, temperature and static stability increase, on average, in Exp 3 and 4 as compared to Exp
2 (Figure 2), while in the lower stratosphere (90 to 40 hPa) temperature changes are small and not significant compared
to the inter model spread in either Exp 3 or 4. All themodels agree on thewarming in the troposphere and cooling of the

This article is protected by copyright. All rights reserved.

A
cc

ep
te

d 
A

rti
cl

e



8 J.H. RICHTER ET AL.

stratosphere, but the exact altitude where they transition between this warming and cooling varies across models (not
shown). Although there is general agreement in how the tropospheric temperature structure will change in a warming
climate between the QBOi models, Figure 2b showing the inter-model standard deviation of tropical temperature
shows that the spread betweenmodels increases vastly between 300 and 100 hPa. In themean, the decrease in static
stability in the equatorial lower stratosphere in Exp 3 and 4 relative to Exp 2, shown in Figure 2c, is robust acrossmodels,
however as will be discussed later, the increased spread in upper tropospheric temperatures (and hence static stability)
in the tropics can be a factor causing increased spread in QBO characteristics, as reduced static stability may affect the
wave forcing of theQBO.

Precipitation is a keyvariablewhenconsidering climate changeand theQBOasprecipitationpatterns andvariability
influence the convectively coupled Kelvin andmixed-Rossby gravity waves. Spatial patterns of precipitation vary a lot
between theQBOimodels and hence produce very different spectra of large scale waves (discussed in a companion
paper, Holt et al. (2019)). Figure 3a shows the zonal mean precipitation rate for Exp 2 for theQBOimodels, illustrating
substantial differences between models in the present day climate, with peak precipitation latitude not even being
in the same hemisphere in all models. However, changes in precipitation from Exp 2 to Exp 3 and to Exp 4 are rather
small, 2.4 and 4.1% in amulti-model mean respectively, and the inter-model spread stays very similar: the across model
standard deviation of precipitation rate is: 0.30, 0.32, and 0.28mmday−1 for Exp 2, 3, and 4 respectively.

3 | QBO

Figure 4 shows a 20-year time series of near-equatorial zonal mean winds for Exp 2, 3, and 4. For current SSTs and
amounts of CO2 (Exp 2) the left hand panels confirm that all the models capture the characteristic features of the
observedQBO, including alternating layers of descending easterlies andwesterlies in the stratosphere. There is still a
spread amongmodels in terms of QBO period and amplitude as described in Bushell et al. (2019). Figure 5 shows the
results of the same experiments but with themean seasonal cycle subtracted from the zonal meanwinds as was done in
theQBO review paper of Baldwin et al. (2001). After removing the seasonal cycle, the vertical structures of theQBOs in
Exp 2 in the various models more closely resemble each other, and regular downward phase progression all the way to
the tropopause in eachmodel is quite apparent.

As SSTs increase and the amount of CO2 is doubled (Exp 3, middle column Figure 4), then quadrupled (Exp 4,
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J.H. RICHTER ET AL. 9

right-most column Figure 4), the characteristic QBO signal weakens in all models in the raw time series, and in some
cases is no longer discernible for Exp 4 (e.g. ECHAM5sh). However, if the seasonal cycle is subtracted from the zonal
meanwinds (Figure 5), then a signal of descending layers of eastward andwestward wind shear can be identified in all
models for the three experiments as confirmed by the lag-correlations (see below for details) shown in Figure 6 for Exp
4. This raises a question of how theQBO should be defined: as the occurrence of downward propagating alternating
westerly and easterly shear zones or as downward propagating alternating westerly and easterly shear zones after
the seasonal cycle has been removed? In observations and in the present day climate simulations of theQBO, either
definition will result in a QBO (with quite similar characteristics), and some past studies of QBO teleconnections have
definedQBO easterly and westerly phases based on raw and some on deseasonalized time series of the zonal averaged
zonal meanwind (e.g.: Anstey and Shepherd (2014) vs Garfinkel andHartmann (2010); Yoo and Son (2016)). Here, we
consider both definitions of the QBO to be inclusive in our analysis of models that show aQBO (downward propagating
easterly and westerly shear zones) only in the deseaonsalized time series. The presence of a QBO in the deseasonalized,
and not in the raw time series, suggests that QBO generation maybe different in models than in observations, and
different from our current understanding of QBO, which relies on absorption of waves, Kelvin, mixed-Rossby GWs and
gravity waves, with positive and negative phase speeds (e.g: Lindzen and Holton (1968),Ern et al. (2014)). In simulations
in which the sign of the rawmeanwind does not change but there is an oscillation in the deseasonalized time series, the
downward propagation of QBOphasesmay no longer be caused bywave absorptionwith appreciable contributions
from both eastward andwestward waves, but still can be caused by a wave spectrumwith a range of phase speeds not
centered near zero phase speed.

A robust and systematic decrease in theQBO amplitudewith increasing SSTs and CO2 concentration can be seen
in Figures 4 and 5. The sign of change in the QBO period, on the other hand is model dependent, with somemodels
projecting a decrease, some projecting a lengthening, and others predicting little change. These differences in behaviour
are consistent across Exp 3 and Exp 4 and do not appear to be connected to any particular aspect or combination of
aspects of model formulation and in particular any of those cataloged in Table 1. However, we note that given the small
size of themulti-model ensemble (11models) as compared to the number of differences in model formulation, it can be
difficult to robustly identify any aspect of model formulation as being responsible for the different responses in QBO
period.

The qualitative conclusions obtained from Figures 3 and 4 are further quantified below usingmetrics established
in Bushell et al. (2019) for QBOi Experiment 1 (present-day forcings with varying SSTs), augmented by additional
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10 J.H. RICHTER ET AL.

diagnostics that help elucidate QBO characteristics in simulations for which the oscillation is more erratic than the
present-dayQBO. The need for additional diagnostics andmetrics for Exp 3 and Exp 4 simulations suggests that the
QBOs inmodels are overly tuned for the present day climate.

3.1 | QBOPeriods:

Wederive QBO periods using threemethods, defined as follows:

• ‘QBOTransition Times (TT)’: following Bushell et al. (2019), zerowind transitions fromwestward to eastwardwinds
are identified at a reference level of 10 hPa and used to defineQBO cycles. Wind transitions are identified in an
equatorial averaged zonal mean zonal wind time series between 5◦S to 5◦N at 10 hPawhich was smoothed using a
5-month centered runningmean. AQBOperiod and amplitude for eachQBOcycle is identified from the zonalmean
wind time series between individual transition points. Using this method, the standard deviation of the periods and
amplitudes can then be derived from these distributions in addition to themean.

• ‘Fast Fourier Transform (FFT)’: analysis was performed on a 5◦S to 5◦N averaged zonal mean zonal wind deaseason-
alized time series which was padded at the endwith zeros to 10 times the length of original time series to increase
the spectral resolution. FFT analysis was performed at levels between 50 and 10 hPa. In Exp 2, the FFT spectra
typically have one dominant peak, and the Fourier amplitude is highest at exactly the same period at all levels
between 50 and 10 hPa. In Exp 3 and Exp 4 the FFT spectra in manymodels no longer have a well-defined peak and
often have several peaks of similar amplitude. In addition, in some simulations the dominant QBOperiod varies
with altitude (not shown). A range of QBOperiods is provided for simulations in which the dominant FFT period
between 50 and 10 hPa varies bymore than amonth.

• ‘Lag correlations (LAG)’: The correlation of the time series of equatorial zonal mean wind at 10 hPa with the
corresponding lagged time series (i.e. at t ± l ag ) at each level confirms the presence of an oscillation for all models,
with increasing phase lag on descending through the stratosphere (see Figure 6 for Exp 4). In most models a well
definedmean period can be deduced from the correlations [e.g. CESM1(WACCM5-110L)] while in othermodels
(e.g. ECHAM5sh andUMGA7gws) the point of maximum correlation is followed, or preceded, bymore than one
local maximum anti-correlation. The larger of these local maxima, as indicated by the black vertical lines in the
figure is used to define themean period used in the rest of the paper. The absence of an unambiguous period in the
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J.H. RICHTER ET AL. 11

lag-correlations is consistent with the less clear QBO signals in Figures 4 and 5 and the absence of a well defined
peak in the power spectra.

The findings from the above diagnostics are summarized in Table 2. Downward propagating easterly andwesterly
shear zones in the deseasonalized zonal mean zonal wind time series can be identified in all the simulations, however
in several of the models in Exp 3 and Exp 4 the downward propagation is less regular, and often interrupted. The
changed nature of tropical variability and lack of consistent downward propagation in Exp 3 and Exp 4 is reflected by a
discrepancy in themean period derived by the threemethods and/or a range of periods between 50 and 10 hPa. These
include ECHAM5sh in Exp 3, and ECHAM5sh, MIROC-ESM, and UMGA7gws in Exp 4. Table 2 (and Table 3) include
ERA-Interim reanalysis (ERAI) (Dee et al., 2011) derived values for years 1979 - 2008 for reference. In Exp 2 most
models simulate a lower range of QBOperiods than in ERAI possibly due to the non-annually varying SSTs and fixed
external forcings Bushell et al. (2019).

Changes in QBO periods derived using the TT method are visualized in Figure 7. Using this period-derivation
method allows for visualizing the range of QBO periods in addition to the mean and standard deviation. Three
models (60LCAM5, CESM1(WACCM-110L), and MRI-ESM2) predict much shorter QBO periods with increasing
SSTs/CO2 in Exp 3 and Exp 4with predictedmean periods between 15 and 18months in Exp 4. ECHAM5sh, EMAC,
UMGA7, UMGA7gws predict no significant change in themeanQBO period in Exp 3, whereas AGCM3-CMAM, LMDz6,
MIROC-AGCM-LL, andMIROC-ESM project lengthening of theQBO period. In Exp 4, LMDz6,MIROC-AGCM-LL, and
UMGA7gws predict statistically significant lengthening of the QBO ranging from 3 to 10months relative to present day.
ECHAM5sh, EMAC,MIROC-ESM, and UMGA7 predict no significant change in QBO period in Exp 4. In amulti-model
mean (Table 2), the QBO period does not change between the experiments, however as seen from Figure 7 that is
not representative of most individual models. Figure 7 and standard deviations in Table 2 for individual models and
multi-model mean show that in general the range and variability of simulatedQBOperiods increases in thewarming
climate, especially in Exp 4, suggesting that the oscillation is more sporadic in a warmer climate. The variability in Exp
4 remains comparable to or slightly smaller than the variability in Exp 2 for CESM1(WACCM-110L) andMRI-ESM2,
which aremodels that have gone to substantially shorter periods in a warming climate. Themore variable nature of
the near-equatorial oscillation is also revealed by the FFT analysis, which has shown that spectra tend to havemultiple
peaks, especially in Exp 4, whereasmost models had very well defined spectral peaks in Exp 2 (not shown).
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12 J.H. RICHTER ET AL.
TABLE 2 Summary of estimates of QBO periods in Exp 2, 3, 4 using three different methods: TT, FFT, and LAG. For
the TTmethod the standard deviation follows the ± sign. For simulations in which the dominant period varies bymore
than 1month between 50 and 10 hPa a range of dominant periods is specified. Simulations for which the TT and LAG
methods of period estimation do not agree to within 4months aremarkedwith a ∗. Period values in Exp 3 and Exp 4
derived using the TTmethod that are statistically different from Exp 2 at the 95% level as defined by the Student t-test
for unequal sized distributions are bolded. ** indicates that for ECHAM5sh transition times were calculated at 15 hPa,
as the oscillation was poorly defined at 10 hPa and a clear period was difficult to obtain. Themulti-model mean is listed
in the bottom row of the table. For periods derived using the FFTmethod in Exp 3 and Exp 4 themulti-model mean is
not defined (ND) due to the range of dominant periods for some of themodels. Values for ERAI for years 1979 - 2008
are shown for reference in the bottom row.
Model/Reanalysis Exp 2 Exp 3 Exp 4

TT FFT LAG TT FFT LAG TT FFT LAG

60LCAM5 24.4±1.7 24.3 27 18.5±5.2 20.3 18 14.2±3.6 14.8 16
AGCM3-CMAM 27.0±1.8 27.1 27 41.2±8.0 40.0-53.0 42 N/A N/A N/A
CESM1(WACCM5-110L) 27.6±2.5 27.5 28 19.7±1.3 19.8 20 14.0±2.0 14.5 14
ECHAM5sh 26.6±1.8 26.9 26 27.0∗∗±5.7 23.4-39.1 32∗ 32.2±13.6 25.5-44 32
EMAC 26.6±2.0 26.7 26 27.7±3.5 27.1 28 27.6±4.0 27.8 28
LMDz6 27.4±2.7 27.3 26 33.0±4.8 34.7 32 35.9±17.7 32.1 36
MIROC-AGCM-LL 19.3±1.5 19.3 19 20.7±2.0 20.8 20 21.9±4.5 23.3 21
MIROC-ESM 24.2±2.6 24.1 24 26.6±3.0 25.4 27 22.6±8.8 26.1 - 34.6 32∗
MRI-ESM2 22.5±3.6 22.5 22 15.6±4.1 19.7 15 14.0±3.9 17.5 13
UMGA7 26.0±2.6 26.9 26 26.0±4.6 26.6 26 28.7±8.6 30.3 29
UMGA7gws 24.0±2.1 23.9 24 24.2±5.2 25.3 28 22.1±9.5 32.7-94.0 34∗
Multi-ModelMean 25.0±2.5 25.1 25 25.5±4.3 ND 26 23.3±7.6 ND 25

ERAI 27.8±3.6 28.1 28 N/A N/A N/A N/A N/A

3.2 | QBOAmplitudes

QBO amplitudes are derived using twomethods:

• ‘TT’: following from theQBO transition timesmethod for calculatingQBOperiods described in the previous section.
Amplitudes associated with each phase at 10 hPawere estimated by taking themaximum orminimum value within
the identified time period between zero transitions in the original timeseries with higher frequency variability
reduced through a 5-month centered binomial smoothing following Bushell et al. (2019).

• ‘Dunkerton andDelisi (DD)’: Dunkerton andDelisi (1985) observed that, whenmost of the variability in themonthly
mean equatorial winds results from theQBO, themean amplitude of the oscillation can be approximated by√2σ ,
where σ is the standard deviation of the deseasonalized time series of the monthly mean eastward winds. This
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J.H. RICHTER ET AL. 13

allows the mean amplitudes, though not the distribution of amplitudes, to be easily calculated as functions of
latitude and height and these agree well with themean amplitudes obtained from the TTmethod for simulations
with well definedQBOs. Furthermore, even if clearly definedQBO cycles are not present, the diagnostic can still be
usefully interpreted as a general quantitativemeasure of the amount of variability present.

Amplitudes derived using the abovemethods at 10 hPa are summarized in Table 3. We chose not to use the FFT
method to deriveQBOamplitudes due to the change in the nature of theQBO towardsmore than one dominant spectral
component in the warming climate. In present day, amplitudes derived from the peak in the Fourier spectrum are in
good agreement with the TT and DDmethod, however due to the multiple peaks in the spectra in Exp 4, FFT based
amplitudes largely underestimate the amplitudes derived from the other methods.

For all Exp 2 and nearly all Exp 3 and 4models the highest estimate of themean amplitude is obtained from the DD
method, which often exceeds themean amplitude derived from the TTmethod bymore than one standard deviation of
the TT derived amplitudes. Partially this is due to Bushell et al. (2019)’s use of binomial smoothing (see above) which,
as well as damping high frequency variations, will damp the amplitude of theQBO—binomial smoothing is used here
merely for consistency with Bushell et al. (2019). Models and experiments for which the DDmethod does not give
the highest estimate of the mean amplitude are ECHAM5sh (Exp 3 and 4) and LMDz6 (Exp 4). In these simulations
there is significant ambiguity when identifying individual QBO cycles (cf. Figure 4) and it is likely that theQBO phase
transition point algorithm combines some cycles with the consequence of excluding some of the smaller local easterly
andwesterly maxima, hence giving rise to a spuriously high estimate for themean amplitude.

The bottom panel in Figure 7 shows changes in the distribution of QBO amplitudes at 10 hPa calculated using
the TTmethod. Although there is a wide spread in QBO amplitudes among themodels for Exp 2, most models show a
decrease inmean amplitudes for Exp 3 and Exp 4 in comparison to Exp 2, with the exception ofMIROC-AGCM-LLwith
a slightly larger mean amplitude in Exp 3 than in Exp 2. The multi-model mean (see Table 3) also shows a consistent
decrease of QBO amplitude in a warming climate using both the TT andDDmethods. The range of amplitudes in Exp 3
and Exp 4 increases in most models, as also demonstrated by the increase in the standard deviation of the amplitudes of
individual models andmulti-model mean.

Figure 8 shows the separation of QBO amplitude at 10 hPa into the westerly and easterly phases based on the TT
method. On average there is little change in the amplitude of the westerly phase with a decrease in somemodels and an
increase in others. In contrast the amplitude of the easterly phase decreases in all models and, on average, decreases
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14 J.H. RICHTER ET AL.
TABLE 3 Summary of estimates of QBO amplitudes in Exp 2, 3, 4 using two different methods: TT andDD. For the
TTmethod standard deviation is denoted after the ± sign. Ratio of westerly to easterly amplitudes calculated from the
TTmethod is listed in the ’W/E’ column. Amplitude values for individual models in Exp 3 and Exp 4 derived using the TT
method that are statistically different from Exp 2 at the 95% level as defined by the Student t-test for unequal sized
distributions are in bold. Values for ERAI for years 1979 - 2008 are shown for reference in the bottom row.
Model/Reanalysis Exp 2 Exp 3 Exp 4

TT DD W/E TT DD W/E TT DD W/E

60LCAM5 23.0±2.9 22.4 0.68 21.4±4.8 22.5 0.71 18.7±3.9 19.1 0.69
AGCM3-CMAM 22.4±0.9 24.5 0.36 20.7±3.3 22.2 0.41 N/A N/A N/A
CESM1(WACCM5-110L) 26.0±1.3 29.4 0.43 24.8±1.4 27.8 0.47 20.8±2.3 24.4 0.61
ECHAM5sh 27.8±2.6 30.6 0.89 16.5±10.9 23.4 1.07 21.1±3.3 14.4 1.49
EMAC 25.7±1.4 28.0 0.65 24.9±1.4 26.6 0.69 22.3±1.7 23.0 0.78
LMDz6 22.3±1.4 23.5 0.65 19.9±1.6 19.8 0.72 16.2±3.1 15.4 1.02
MIROC-AGCM-LL 19.7±0.8 21.2 0.61 20.0±0.9 20.8 0.61 17.1±2.6 18.0 0.73
MIROC-ESM 22.8±1.4 24.4 0.47 21.1±1.9 21.7 0.56 16.5±4.1 18.0 0.77
MRI-ESM2 16.6±3.7 18.8 0.59 13.3±2.4 14.1 0.71 13.4±2.7 11.1 0.96
UMGA7 28.7±0.9 32.1 0.6 24.6±2.6 26.6 0.70 19.7±4.1 21.0 0.75
UMGA7gws 23.8±1.2 25.8 0.56 19.6±3.7 20.0 0.66 13.1±3.8 10.5 0.73
Multi-modelMean 23.5±1.7 25.6 0.6 20.6±3.2 22.5 0.7 17.9±3.1 17.6 0.85

ERAI 23.9±3.0 25.5 0.39 N/A N/A N/A N/A N/A

from 30 ms−1 in Exp 2 to 20 ms−1 in Exp 4. Hence, there is a decrease in the asymmetry between the amplitude of
easterly andwesterly phases in themulti-model mean response to a warming climate (Figure 8c).

In most models, in Exp 2 theQBO amplitude peaks at the Equator near 10 hPa (Figure 9), then decreases in both
amplitude and width on descending into the lower stratosphere (Bushell et al., 2019). In Exp 3 and Exp 4 there is a
robust decrease in the amplitude relative to Exp 2 in all models at all levels above 80 hPa. At each level the decrease is
more or less uniform across the full width of theQBObut with a hint of a slightly stronger decrease in the Southern
Hemisphere (Figure 9). At 10 hPa the amplitude decrease is strongest away from the local maximum inQBO amplitude
at the equator, indicating a narrowing of the QBO. The percentage decrease in QBO amplitude in themulti-model mean
declines with height between ∼60 hPa and 10 hPa: from 36% in Exp 3 and 51% in Exp 4 at 60 hPa to 12% and 31%,
respectively at 10 hPa. Since the amplitude response for Exp 4 is not double that for Exp 3, this implies a non-linearity to
the response, though additional simulations would be needed to confirm this.
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J.H. RICHTER ET AL. 15

4 | CHANGES IN QBO FORCING TERMS

In the present climate there is a balance betweenmomentum tendencies from vertical andmeridional advection and
resolved and parameterized gravity wave drag that produce an oscillation in the tropics with a mean period of 28
months, and an amplitude of ∼24m s−1 at the peak of the oscillation at 15 hPa. The tendencies driving theQBO can be
described using the Transformed EulerianMean (TEM) zonal wind equation (Andrews et al., 1987):

ūt = −v̄ ∗
[
(a cosφ)−1 (ū cosφ)φ − f

]
− w̄ ∗ūz + X̄ + (ρ0 a cosφ)

−1 + · F (1)

where ū is the zonal-mean zonal wind, a is the radius of the earth,φ is the latitude, v̄ ∗ and w̄ ∗ are the residual meridional
and vertical velocities. The first term on the right-hand side of (1) is themeridional advection and the Coriolis torque (f
is the Coriolis parameter), the second term is the vertical advection, X̄ is the gravity wave drag and the last term is the
Eliassen-Palm (EP) flux divergence representing the resolved wave drag. Definition of the EP flux vector can be found in
Andrews et al. (1987, pp. 127-130) and precise details of how these diagnostics were calculated for theQBOi archive
are given by Butchart et al. (2018). Meridional advection and the Coriolis torque contribution to the driving the QBO in
the equatorial region (5◦S to 5◦N, where the horizontal gradient in the zonal meanwind is weak) were found to be small
compared to other terms in the budget and is not examined further here.

In a warming climate, each of the tendencies in (1) are likely to respond differently and, as the tendency terms them-
selves are dependent on themeanwind which they alter, the prediction of how theQBO responds to a warming climate
is not straightforward. In the subsequent four subsections we consider how vertical advection, EP flux divergence, and
momentum flux from parameterized GWs change in Exp 3 and Exp 4, and then analyze how these changes correlate
with the projected changes in QBO period and amplitude.

4.1 | Vertical Advection

Vertical advection, proportional to the vertical wind shear and the vertical residual velocity or upwelling, acts to slow
down the downward propagation of QBO easterly shear zones (e.g. Saravanan, 1990; Dunkerton, 1991). An increase
(decrease) in upwelling would hence act to lengthen (shorten) theQBO cycle, all else being equal. There is observational
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16 J.H. RICHTER ET AL.

evidence that the Brewer-Dobson circulation, and hence tropical upwelling have been increasing since 1980 (Fu et al.,
2015). Nearly all modeling studies also agree that a warming climate would lead to increased tropical upwelling (e.g.
Butchart et al., 2006; Lin andWaugh, 2013), though there is some spread in the projectedmagnitude of the increase
(e.g. Austin et al., 2003). This speeding-up of the Brewer Dobson circulation comes from increased gravity wave drag
resulting from changes in the subtropical jets (Butchart et al., 2010) and increased extra-tropical EP flux divergence.
The increased EP flux divergence results from changes in the thermal structure of the atmosphere in a warming climate
and also changes in tropospheric sources of upward propagating waves (e.g. Mclandress and Shepherd, 2009;Winter
and Bourqui, 2010).

Figure 10 shows the change in themulti-model mean as well as the individual model estimates of residual vertical
velocity, w̄ ∗, in Exp 3 and Exp 4. On average, there is an overall increase in w̄ ∗ between 100 and 5 hPa and there is an
upward shift in the climatological vertical structure of w̄ ∗, with theminimum in themulti-model mean shifting from 60
hPa in Exp 2 to 50 hPa in Exp 4. The upward shift in w̄ ∗ is consistentwith the upward shift of the climatological cold point
tropopause (Figure 2b) and upward expansion of the subtrobical jet leading to an upward shift of the shallow branch of
the Brewer-Dobson circulation (Garcia and Randel, 2008). In Exp 3 and 4 w̄ ∗ increases in all models at most altitudes in
the 100 to 20 hPa range, with a fewmodels not showingmuch change above 50 hPa (Figures 10b, c). Averaged between
100 and 50 hPa, the near-equatorial residual vertical velocity increases relative to Exp 2 by 10-38% for Exp 3, and by
15-75% for Exp 4. The largest increases occur roughly near the altitude where w̄ ∗ is a minimum between 80 and 50 hPa,
and aremost pronounced in AGCM3-CMAM, ECHAM5sh, and EMAC in Exp 3 and ECHAM5sh and EMAC in Exp 4.

4.2 | GravityWaves

Parameterized gravity wave drag provides at least 50% of the forcing of the QBO in the QBOi models, except for in
MIROC-AGCM-LL, which doesn’t employ a GWparameterization (Bushell et al., 2019). In the real atmosphere, GW
momentum flux entering the stratosphere can change as a result of changes in tropospheric gravity wave sources, and
changes in their propagation due to different background wind and temperature profiles. As the majority of QBOi
models uses fixedGWsources (Table 1), the spectrum of waves launched at the source level will be exactly the same
in Exp 2, 3, and 4, except for a change in the total momentum flux in models utilizing the Hines (1997a,b) scheme
(ECHAM5sh, EMAC,MIROC-ESM, andMRI-ESM2) due to the change in buoyancy frequency at the launch level in Exp 3
and 4 (cf. Figure 2). The launch levels of GWs vary from the surface (MRI-ESM2) to 90 hPa (AGCM3-CMAM), hence,
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J.H. RICHTER ET AL. 17

apart fromAGCM3-CMAM, the parameterized GW spectrum reaching the stratosphere is affected by propagation
through the troposphere and consequentially is likely to be different in Exp 3 and Exp 4. ForMRI-ESM2, in particular,
the source spectrum is affected by a 8(18)% increase in Exp 3 (Exp 4) in buoyancy frequency at the surface. ECHAM5sh,
EMAC, andMIROC-ESM, also using the Hines (1997a,b) scheme, launch GWs near 600 hPa, at a level at which buoyancy
frequency changes between Exp 3 and Exp 4 and Exp 2 are small, hence the GW source spectra are very similar in
all experiments. Vertical profiles of eastward andwestward GWmomentum flux averaged between 10◦S and 10◦N
are shown in Figure 11a for the models with fixed GW sources for Exp 2, 3 and 4. For most models with fixed GW
sources the GWmomentum flux entering the stratosphere changes by less than 5% for Exp 3, with the exception of
AGCM3-CMAMwhich, shows a 10% decrease of westwardmomentum flux at 85 hPa, andMRI-ESM2which shows
an 8.8% decrease of eastwardmomentum flux at 100 hPa. In Exp 4, most momentum flux changes are less than 7.5%
relative to Exp 2, except for MRI-ESM2which shows a 12% increase in eastward momentum flux and 14% increase
in westwardmomentum flux at 100 hPa. MRI-ESM2 has the lowest launching level out of all themodels and uses the
Hines (1997a,b) schemes, hence the GW spectrum is affected by the increase in N in the lowermost troposphere.

The small change in the tropospheric GWmomentum fluxes in Exp 3 and Exp 4 for models with fixed GW sources is
due, on average, to the absence of any significant change in zonal winds throughwhich the GW spectrum propagates
before entering the stratosphere. For the zonalmean, Figure 12a shows that in the tropical troposphere themulti-model
mean zonal wind changes by less than 2m s−1 in Exp 3 and 4 relative to Exp 2 and bymuch less than the differences
between the individual models (indicated by the grey lines in the figure showing ± one inter-model standard deviation).
However the zonally averaged zonalwindmaynot be entirely representative of the localwindprofile theGWspropagate
through as there are quite significant longitudinal variations in the troposphere (Kawatani et al., 2010). Nonetheless,
when averaged, for example, over the western and eastern hemispheres separately (Figures 12b and 12c) there is
again little change in tropospheric profiles between Exp 3 and 4 and Exp 2 for the multi-model mean and hence it is
reasonable to concludemore generally that in thesemodels there will be little change in GWpropagation through the
tropical troposphere. Figure 12 shows larger changes in the zonal meanwind, up to 5m s−1, between Exp 2 and Exp 4
between 120 and 80 hPa. These changesmay affect the filtering of GWs in the lowermost part of theQBO, especially
for AGCM3-CMAM, which due to its high GW launch level of 90 hPa is very sensitive to the winds in this layer.

Figure 11b shows GW momentum fluxes for models with variable GW sources. The change in 100 hPa GW
momentumflux in Exp 3 and Exp 4 relative to Exp 2 is the largest in 60LCAM5andCESM1(WACCM-110L). In 60LCAM5
and CESM1(WACCM-110L), eastward andwestward 100 hPa GWmomentum flux averaged between 10◦S and 10◦N is
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18 J.H. RICHTER ET AL.

20 - 25% larger in Exp 3 than in Exp 2. In Exp 4 these fluxes increase by 48 - 58% ( 40 - 58%) for eastward (westward)
propagating GWs. The changes are very similar when averaged over 5◦S to 5◦N (not shown). Both 60LCAM5 and
CESM1(WACCM-110L) use the Beres (2004) parameterization to calculate GWmomentum flux from convectively
generated GWs, thoughwith some tuning differences between the twomodels. In the Beres (2004) parameterization
GWmomentum flux is proportional to the square of the convective heating rate, which is derived from the convection
parameterization (Richter et al., 2010). Although convective heating is not part of theQBOi output protocol, it is very
likely that convective heating increases when convective precipitation increases (this was verified in CESM1(WACCM-
110L). In Exp 3 (Exp 4) the precipitation rate averaged over 10◦S and 10◦N in 60LCAM5 and CESM1(WACCM-110L)
increases by 3.5% (5%), which is consistent with the increase in GWmomentum flux. Averaged between 10◦N and 10◦S
UMGA7gws shows a change of less than 0.5% in tropical eastwardmomentum flux in Exp 3 and 4 and a decrease of
4% and 9% in the westward 100 hPa GWmomentum flux in Exp 3 and 4 respectively. In UMGA7gws, eastward and
westward waves are generated equally and launched at 4 km. However, after propagating through tropospheric winds
they are no longer symmetrical at 100 hPa. The amplitude of GWmomentum flux in UMGA7gws is proportional to
the square root of precipitation (Bushell et al., 2015). Averaged over the entire 10◦S and 10◦Ndomain, monthly mean
precipitation increases by ∼ 3% in both Exp 3 and Exp 4 in UMA7gws, however there are regions of both increased
and decreased precipitation. The GWmomentum flux, dependent on the square root of precipitation, increases in
the region of enhanced precipitation over the ITCZ, but decreases in the IndianOcean and east of Brazil (not shown).
The net effect is a slight decrease in GWmomentum flux averaged over the 10◦S and 10◦Ndomain in Exp 4, which is
probably a consequence of the threshold dependence of GWmomentum flux on precipitation used by the UMGA7gws
source parameterization. LMDz6 also shows a decrease in 100 hPa eastward and westward GWmomentum fluxes
averaged between 10◦S and 10◦N of 5% and 10% in Exp 3 and 10% and 18% in Exp 4, respectively. In LMDz6, GW
momentum flux is proportional to the square of convective heating (Lott and Guez, 2013), which is estimated from the
precipitation (and not taken directly from the convection parameterization). LMDz6 shows a 2% and 5% increase in
mean annual precipitation between 10◦S and 10◦N in Exp 3 and Exp 4, however instantaneous data is also not available,
which would have allowed for a full understanding of the reason for the decrease of GW momentum fluxes while
precipitation increases. In summary, models that directly link the GW sources (60LCAM5 and CESM1(WACCM-110L)
to (parameterized) convective heating show an increase in the GWmomentum flux entering the stratosphere, while the
twomodels (LMDZ6 and UMGA7gws) that use precipitation as a proxy for convective heating show a decrease and this
uncertainty significantly affects how theQBO responds to warming climate as demonstrated below.
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J.H. RICHTER ET AL. 19

4.3 | Resolvedwaves

Resolved waves are likely to change in Exp 3 and Exp 4 due to changes in tropospheric convection and latent heating, as
well as changes in the zonal meanwind in the troposphere, although the latter was shown to be rather small (Figure 12).
Tropical precipitation (zonal average between 10◦S and 10◦N) increases by 1 to 7% in theQBOimodels between Exp
3 and Exp 2, and by 2 to 13% between Exp 4 and Exp 2 (not shown), suggesting corresponding changes in convection
and latent heating and therefore the generation of large scale waves. Figure 13 shows frequency/zonal wavenumber
spectra of the vertical components of the EP flux calculated from 6-hourly output averaged between 85 and 70 hPa
and between 10◦S and 10◦N for Exp 2, and the ratio of Exp 3 and Exp 4 to Exp 2. The spectra were computed using
the fast Fourier transform using a 72-daywindow and 12-day overlap, exactly the samemethodology as in Holt et al.
(2019). In Figure 13westward propagating (easterly) waves are represented by negative flux and eastward propagating
(westerly) waves are represented by positive flux. Some positive flux appears at negative zonal wavenumbers and some
negative flux appears at positive zonal wavenumbers as phase speeds are defined relative to the ground and not the
backgroundwind. Spectra in Figure 13 are averaged over 10 years of simulation, except forMIROC-AGCM-LL, UMGA7,
and UMGA7gws and for which only 4 years of data were available. For the models for which 10 years of data was
available, 4-year averages were alsomade to see if a shorter averaging period changed the spectra, and only very small
differences were found. In addition, total easterly andwesterly vertical components of EP flux (i.e. the vertical EP flux
due to westward and eastward propagating waves, respectively) calculated from 6-hourly data were compared to the
providedmonthly means andwere found to be the same for the sampled periods, and interannual variations were found
to be small due to the annually repeating external forcings. Hence it is tacitly assumed that the limited number of years
availability of the daily data does not affect any of the conclusions presented in this study. In most models the upward
flux due to westward propagating waves with low phase speeds, between 1 and 10m s−1, increases by a factor of 1.5 to
2 in Exp 3, and by a factor of 2 to 16 in Exp 4. A similar increase in the upward flux due to slowwestward propagating
waves was found by Kawatani et al. (2011). The slowwestward propagating waves contribute directly to driving of the
westward phase of theQBO; however, their contribution is smaller than that from the parameterized GWs inmost of
theQBOimodels (Holt et al., 2019; Bushell et al., 2019).

Figure 14 shows that across all themodels there is a robust increase in the vertical component of the EP flux for
both eastward andwestward propagating waves in Exp 3 and Exp 4. For the eastward propagating (westerly) waves the
increases range from 6% to 22.5% in Exp 3 and from 20% to 75% in Exp 4, with themulti-model mean increasing by 12%
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20 J.H. RICHTER ET AL.

and 29% in Exp 3 and Exp 4, respectively. For the westward propagating (easterly) propagating waves the increases are
even larger: from 18% to 62% in Exp 3 and from 52% to 126% in Exp 4, with themulti-model mean now increasing by
38% in Exp 3 and 91% in Exp 4 (Figure 14). Consequently with the warming climate there is a reduction in the ratio of
the westerly to easterly vertical component of EP flux in all models except 60LCAM5 and LMDz6. Figure 8 showed that
it is the easterly QBO phase at 10 hPa that primarily decreased in amplitude in Exp 3 and Exp 4, however Figure 14
showed that the easterly component of vertical EP flux increases substantially andmore than the westerly component
of the vertical EP flux. Hence the connection between changes inQBOamplitude and changes in the vertical component
of EP flux is not clear.

4.4 | Correlations

In this sectionwe investigate the correlations between the changes in theQBO forcings noted above, and the responses
of theQBO amplitude and period to awarming climate. Correlation does not imply causality, however we find these
helpful in identifying the possible causes of changes in theQBO characteristics. The top two panels of Figure 15 show
that the percentage change in QBO period is positively correlated with the percentage change in the vertical residual
velocity, w̄ ∗, in the lower stratosphere averaged between 100 to 50 hPa. The linear correlation coefficient is 0.49 in
Exp 3 and in Exp 4 based on theQBO period change derived from the lag correlationmethod (see Section 3.1). Similar
values are found using the TT method and w̄ ∗ at any single level between 100 and 50 hPa. Although not significant
these correlations suggest a lengthening of theQBO periods as upwelling increases, as might be expected, but do not
fully explain theQBOperiod response. Instead Figure 15c-f shows that changes in the GWmomentum flux entering
the stratosphere have a stronger influence on (or at least are better correlated with) theQBO period with correlation
coefficients for the eastward (westerly, TauW) andwestward (easterly, TauE) GWmomentum fluxes, respectively, of
-0.67 and -0.84 in Exp 3 and -0.86 and -0.90 in Exp 4. All these correlations are significant at the 95% confidence level
apart from the -0.67 in Figure 15c. Hence, larger GWmomentum flux entering the stratosphere is most likely the key
quantity leading to a shorterQBOperiod among theQBOimodels. Previous studies, for example byGeller et al. (2016a),
which varied GWmomentumflux (keeping resolvedwaves and vertical advection constant) showed that increase in GW
momentum flux entering the stratosphere leads to a shorter QBO period. In our study, vertical advection and resolved
wave forcing also vary, but it appears that the change in GWmomentum flux is the dominant driver of QBO period
changes. In all the panels in the top three rows of Figure 15 there is an evident clustering of models with large changes
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in GWmomentum flux (60LCAM5, CESM1(WACCM-110L), andMRI-ESM2) and those that have small changes in GW
momentum flux near 100 hPa. Changes in the easterly and westerly vertical component of the EP flux (bottom two
rows of Figure 15) are not as well correlated to changes in QBO period with correlation coefficients of less than 0.2 for
westerly component of EP flux, and correlations of -0.52 (-0.30) for the easterly component for Exp 3 (Exp 4) which are
found not to be significant. Hence, we conclude that resolvedwaves do not play a large role in driving theQBO period
changes in theQBOimodels.

The large changes in GWmomentum flux at 100 hPa for somemodels, especially National Center for Atmospheric
Research (NCAR)ś 60LCAM5 and CESM1(WACCM-110L), raise the question of how robust are our conclusions re-
garding the QBO period being mainly dependent on changes in 100 hPa GW momentum flux. We have repeated
the calculation of correlations shown in Figure 15 without the NCARmodels and found that some of the significant
correlations actually increase. The correlations between percentageQBO period change and: TauW for Exp 4 changes
from -0.86 to -0.92, Taue for Exp 3 changes from -0.84 to -0.89, and the correlation between TauE for Exp 4 remains at
-0.90. The amplitudes of correlations with other variables change slightly as well, but this does not change whether
correlations are significant or not. This, along with seeing no change in the significance of the correlation when one
model is randomly removed from the calculation gives us confidence in our conclusion that among theQBOimodels
GWmomentum flux entering the stratosphere is the primary driver of QBO period changes in the warming climate.

Figure 9 showed that the QBO amplitude not only changes with warming climate, but that the relative change
varies with altitude and is largest between 60 and 50 hPa. Relative changes in the vertical component of residual
velocity also vary with height and are strongest between 80 and 30 hPa (Figure 10b and 10c). Hence, in general, the
correlations between the percentage change in theQBO forcings and percentage change in theQBO amplitude are
altitude dependent as can be seen in Table 4 for all levels between 85 and 10 hPa. Levels atwhich the correlations or anti-
correlations are strongest are illustrated in Figure 16. In Exp 3 theQBO amplitude change is correlated with w̄ ∗ above
15 hPa, where the correlation coefficient is largest, and is anti-correlated belowwith the strongest anti-correlation at
70 hPa, where the increase in w̄ ∗ is maximum (cf. Figure 10b). In Exp 4, consistent with the upward shift to the vertical
profile of w̄ ∗ (Figure 10a) the strongest anti-correlationwith the amplitude response occurs higher, between 40 and
20 hPa, and is now statistically significant. These anti-correlations in the region of large w̄ ∗ strongly suggest that the
increase in tropical upwelling is a significant contributor to the amplitude decrease among theQBOimodels.

A strong and significant correlation between the change in GWmomentum flux entering the stratosphere and
QBO amplitude (Figure 16c-16f), suggests that the QBO amplitude response is also influenced by changes to the
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parameterized GWs, especially above 50 hPa. Changes in GWmomentum flux could be affecting the amount of flux at
high gravity wave phase speeds. In particular, while changes in w̄ ∗ are most likely the main cause of QBO amplitude
changes in the lower stratosphere, the changes in GWmomentum flux entering the stratosphere appear to be amore
significant contributor to the changes in QBO amplitudes at higher levels. This seems consistent with the results of
Saravanan (1990) who used a generalization of the original Holton and Lindzen (1972) idealizedmodel of theQBO. In
Saravanan’s study the vertical advection behaved as a damping, which competed with the tendency of the wave forcing
to produce an oscillation. Near the lower boundary this damping effect dominated over the wave forcing, but became
weaker at higher altitudes, as found here. However, based on the sign of the correlations in Table 4, neither the increase
in w̄ ∗ nor the increase inGWmomentumflux entering the stratosphere can simply explain the decrease in the amplitude
at 10 hPa in theQBOimodels (Figure 8a).

Correlations with westerly component of the vertical EP flux, FzW , (Figure 16g, h) suggest that the QBO amplitude
decreases as FzW increases. The increase in the westerly component of EP flux primarily occurs at very low phase
speeds (less than 5m s−1 — see right hand column of Figure 13). It is difficult to interpret exactly how these changes
influenceQBO amplitude, as the relative roles of resolved and parameterized waves in driving theQBO differ among
models (Bushell et al., 2019). Correlations with FzW and FzE were also calculated separately for the eastward and
westward phases but coefficientswere even lower and a robust signal could not be identified. We conclude that resolved
waves may play a role in the change of QBO amplitude, however eachmodel’s differing momentum budget would need
to be considered, which will be reported in follow-up studies. In short, the dependence of QBO amplitude changes on
changes in tropical upwelling is a robust feature across theQBOimodels especially at lower altitudes, parameterized
gravity waves appear to play a role in determining theQBO amplitude above 50 hPa, and the role of resolvedwaves is
inconclusive.

In a manner similar to our tests of the robustness of correlations with QBO period change, we repeated the
calculation of the correlations shown in Figure 16without the NCARmodels (60LCAM5 and CESM1(WACCM-110L))
and also by randomly removingmodels from the sample. In this case, some correlations increase and some decrease,
but overall the conclusions remain the same. Removal of NCARmodels from the percentage change of QBO amplitude
and percentage change in w̄ ∗ correlations raises the correlation coefficient from -0.68 to -0.77. On the other hand, the
correlations of QBO amplitude change and GWmomentum flux at 100 hPa are reduced (in Exp 4 for TauW from 0.83 to
0.68, and for TauW from 0.87 to 0.68). Correlations without the NCARmodels betweenQBO amplitude and FzE and
FzW increase for Exp 4 but not for Exp 3, making the interpretation difficult as was already noted above for resolved
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TABLE 4 Linear correlation coefficient at different pressure levels between% change in QBO amplitude and%
change in the vertical residual velocity at that level,w ∗, easterly GWmomentum flux at 100 hPa, TauE, andwesterly
gravity wavemomentum flux at 100 hPa, TauW, easterly vertical component of EP flux, EpzE, andwesterly vertical
component of EP flux, EPzW, in Exp 3 and Exp 4 relative to Exp 2. Correlations significant at the 95% level are bolded.
Colours indicate the level of correlation.

wave forcing changes.

5 | DISCUSSION AND CONCLUSIONS

Wehave presented here potential changes to theQBO in a warming climate based on eleven general circulationmodels
that participated in QBOi Experiments 2, 3, and 4. QBOi Exp 2 is a present day time-slice experiment with annually
repeating sea surface temperatures and present day CO2. In Exp 3 (Exp 4), SSTs were increased by 2 K (4 K) and CO2

was doubled (quadrupled). The changes in external forcings were substantial, especially in Exp 4 compared to present
day, largely to elucidate whether convergence in the response among the different models would occur under such
scenarios. All of themodels that participated in the experiments were able to simulate realistic characteristics of the
QBO for present day conditions including external forcings, as summarized by Bushell et al. (2019). No changes to
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gravity wave parameterization (or other physical parameterizations, or any other model aspect) were made in the
models between Exp 2, 3, and 4. Themean climate response of the QBOimodels to a warming climate is consistent with
previous similar studies, showing an increase in temperature throughout the troposphere, with largest warming in the
tropical upper troposphere, and cooling in the stratosphere. The spread between the individual models in tropical upper
tropospheric temperature increases substantially in Exp 3 and Exp 4, as compared to Exp 2, which likely contributes to
the large spread in QBO responses.

We found a lack of consistency in the response of theQBO period to a warming climate among theQBOimodels.
Three of themodels found a substantial decrease in the QBO period, by 5 to 9months in Exp 3, and by 7 to 14months in
Exp 4. Three of themodels found a lengthening of the QBO period by 2 to 13months in Exp 3, and by 2 to 10months in
Exp 4, while othermodels exhibited little change (less then 2months). In amulti-model mean, there is little change in
theQBO period in a warming climate. In several models in Exp 4 the coherent structure of theQBO characterized by
alternating downward propagating easterly andwesterly shear zoneswas lost; however, an oscillation in deseasonalized
zonal meanwindwas still detected. Vertical residual velocity in the tropical lower stratosphere was found to increase
in all QBOi models in Exp 3 and Exp 4, and a positive (although statistically insignificant) correlation between its
increase and increase in QBO period was found. We found that the change in QBO period had very large and significant
correlations with themomentum flux of gravity waves entering the stratosphere, implying that parameterized gravity
waves are themost likely primary driver of QBO period changes. A relationship between an increase in GWmomentum
flux and shortenedQBO period (keeping all other factors the same) in the present day climate has been shown before
(e.g.: Geller et al. (2016a,b)). Our results, based on experiments in which both vertical advection and resolved wave
forcing are also varying suggest that many of the present models capable of producing QBOs are very dependent
on GW parameterizations for generating present day QBOs, which may or may not be realistic. Two of the models
that predict substantial QBO period shortening in Exp 3 and Exp 4, 60LCAM5 and CESM1(WACCM5-110L), include
a parameterization of gravity wave sources based on Beres et al. (2004), which predicts that in a warming climate
eastward (westward) momentum flux at 100 hPa would increase by ∼25% (20%) in Exp 3 and ∼ 53% (44%) in Exp 4.
MRI-ESM2, the third model predicting shortening of the QBO period showed a ∼8% (20%) increase in source level
gravity wave flux in Exp 3 (Exp 4) due to GW launching at the surface and increased buoyancy frequency at that level. In
the other models in which the period either remained unchanged or lengthened the changes in the GWmomentum
fluxes are 100 hPa weremuch smaller. We found no relation between changes in QBO period and change in the vertical
component of the EP flux, however the driving from resolvedwaves is smaller than that from parameterizedwaves in
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theQBOimodels, except for inMIROC-AGCM-LL (Bushell et al., 2019; Holt et al., 2019).

Unlike changes in the QBO period, the Exp 3 and Exp 4 simulations showed a robust response across the QBOi
models in terms of QBO amplitude changes. All of themodels project a decrease of theQBO amplitude in a warming
climate. The projectedQBO amplitude decrease varies with height and is strongest near 60 hPa, reaching a decrease,
on average, of 36% in Exp 3 and 51% in Exp 4 at that level. TheQBO amplitude reduction at 10 hPa occurred primarily
in the easterly phase in all QBOimodels. TheQBO amplitude decrease in the lower tropical stratosphere is correlated
with an increase in vertical residual velocity in that region. The residual vertical velocity increases by 50% in Exp 3
and by 100% in Exp 4 in amulti-model mean between 60 and 80 hPa. The decrease of QBO amplitudewith warming
climate, and the relation to changes in tropical upwelling, are consistent with findings of Kawatani and Hamilton (2013)
who found observational evidence in QBO amplitude weakening. From about 60 hPa upward, the QBO amplitude
change is positively correlatedwith the change in gravity wavemomentum flux entering the stratosphere, such that
smaller amplitude reductions occur in models that have increased GWflux. These relations are consistent with the
findings of Saravanan (1990), who used a generalization of the original Holton and Lindzen (1972) idealized QBOmodel
to show that theQBO amplitude at its lowest altitudes is damped by upwelling at those altitudes. However, it is also
possible that the reasons for the amplitude decrease differ between themodels. In this study we also found a negative
correlation between thewesterly component of the vertical EP flux and change in QBO amplitude in Exp 3; however,
due to differing relative roles of resolved waves and parametrized waves in driving the QBO among models these
changes seemed less robust andmore difficult to interpret.

The largest uncertainty in the response of the QBO in a warming climate comes from the representation of
parameterized gravity waves in climate models. This was clear from this study utilizing eleven different GCMs, and
is consistent with the study of Schirber et al. (2015) who conducted sensitivity tests using a single GCM with four
different gravity wave parameterization configurations. Most GCMs at this time still use GWparameterization with
gravity wave sources that are fixed and don’t change with changes in tropospheric climate. This assumption is likely
to be erroneous, and hence four of the models that participated in this study have employed a source-based gravity
wave parameterization. However, as was shown in Figure 11b, different GW source parameterizations predict different
changes to GWmomentum flux spectra entering the stratosphere, creatingmore uncertainty rather than convergence
with regard to how gravity waves are likely to change in the future climate. The uncertainty in parameterized GWs
is rooted in the large uncertainties in modeling unresolved convection. A better understanding of how gravity wave
sources will change in the future climate is crucial to improving projections of how theQBOwill change in the future.
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Convection parameterizations are also a source of uncertainty with regard to resolvedwaves. MIROC-AGCM-LL, the
only model in this study without a gravity wave parameterization, predicts a QBO amplitude decrease in a warming
climate similarly to all the other QBOimodels in Exp 4 (but predicts no change for Exp 3), and predicts a slight QBO
period increase in a warming climate, similarly to somemodels with fixed and similarly to somemodels with variable
gravity wave sources. That response is also uncertain as the resolved wave spectra, primarily Kelvin andmixed-Rossby
GWs inMIROC-AGCM-LL differ from observations in several aspects (Holt et al., 2019).

Our findings suggest that the present daymodels are tuned for the present climate and reliant onGWparameteriza-
tions for the forcing of theQBO, and hencemay not be representing the future state of the QBO correctly. As described
by Holt et al. (2019), most GCMs underestimate Kelvin andmixed-Rossby gravity waves in present climate and there is
large uncertainty with regard to how resolvedwaves will change in awarming climate, which largely stems from the
uncertainties in and deficiencies of convective parameterizations. Our study has shown that the westerly and especially
the easterly vertical component of the EP flux are likely to increase in a warmer climate, however these estimates are
dependent on changes in tropical precipitation in GCMswhich carry biases even in the present day climate. Although
the contribution of Kelvin andmixed-Rossby gravity waves to the QBO is uncertain and varies greatly between the
QBOimodels (Holt et al., 2019), changes in these waves in future climate do not seem to affect theQBO asmuch as
the parameterized gravity waves. There are very weak correlations between changes in resolvedwaves and theQBO
period and inconclusive correlations with theQBO amplitude. However, this might be again a signature of the strong
dependence of theQBOs in GCMs on gravity wave parameterizations. Hence, although this study hasmade significant
progress in quantifying the changes to theQBO in a warming climate by utilizingmultiple models, and is the first to do
so, much uncertainty needs to be resolved before confidence in the response of theQBO changes is reached.
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F IGURE 1 Multi-model mean of the change in zonal mean temperature in K (top panels) and zonal mean zonal wind
inm s−1 (bottom panels) between Exp 3 (left panels) and Exp 4 (right panels) relative to Exp 2. Shading indicates
temperature (zonal wind) change and solid contours indicate themulti-model mean for Exp2 temperature (zonal mean
wind) in top (bottom) panels.
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F IGURE 2 Zonal mean temperature (left), across-model standard deviation of the zonal mean temperature (middle),
and buoyancy frequency (right) averaged between 10◦S and 10◦S for Exp 2 (solid), Exp 3 (dotted), and Exp 4 (dashed).
Grey shading around each line in panels (a) and (c) depicts +/- two standard error (2 times themulti-model standard
deviation divided by√n , where n is the number of models).
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.pdf

F IGURE 3 Zonal mean precipitation rate in units of mm day−1 for Exp 2 (left panel) and for Exp 2 (solid), Exp 3
(dotted), and Exp 4 (dashed) (right panel). Colored lines depict different models.
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F IGURE 4 Zonal mean zonal wind averaged between 5◦S and 5◦N as a function of pressure and time for Exp 2 (left
column), Exp 3(middle column) and Exp 4 (right column). First 20 years of the first ensemble for eachmodel is shown.
Model names are noted in the panel titles. Bottom panel in left column shows ERAI reanalysis for years 1979 - 1998.
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F IGURE 5 Same as Figure 4 but after removing themean seasonal cycle.
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F IGURE 6 Correlation of monthly mean zonal mean eastward wind, ū , for Exp 4 at a lag as a function of height,
ū(z , t ± l ag )with ū at 10 hPa, ū(z = 10hP a, t ) for the first ensemblemember of eachmodel. The black vertical lines are
at l ag = 0 and at the local minimum correlation (maximum anti-correlation) at 10 hPa either side of the l ag = 0 line.
The large numbers in black denote the number of months between these two lines, interpreted as the period of the
oscillating signal seen in the figure.
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F IGURE 7 Distribution of QBO periods (top) and amplitudes (bottom) in Exp 2 (grey), Exp 3 (blue), and Exp 4 (red)
derived using the TTmethod at 10 hPa. The distributionmedian is depicted by horizontal line in each box, box edges
mark the lower quartile and upper quartiles, box whiskers mark theminimum andmaximum values. Black dots
represent mean values. Models are ordered according to Exp 2mean period (top panel) amplitude (bottom panel).
Horizontal grey lines indicate present day ERAI reanalysis values.
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F IGURE 8 QBO amplitude changes at 10 hPa separated by phase derived using the TTmethod for Exp 2 (gray), Exp
3 (blue) and Exp 4 (red).
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F IGURE 9 Multi-model mean of QBO amplitude calculated using the DDmethod inm s−1 as a function of pressure
(top row) and as a function of latitude at 10 hPa (middle row) and 50 hPa (bottom row). In the left column, thin colored
lines depict individual model QBO amplitudes for Exp 2 andmulti-model means are shown for Exp 2 (thick black solid
line), Exp 3 (dotted line), and Exp 4 (dashed line). Middle and right columns depict ratios of QBO amplitudes for Exp 3 to
Exp 2 and Exp 4 to Exp 2 respectively, with colored lines depicting individual models and the dotted (dashed) line
depicting themulti-model mean of ratios for Exp 3 to Exp 2 (Exp 4 to Exp 2).
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F IGURE 10 Multi-model mean of zonally averaged residual vertical velocity between 5◦S to 5◦N for Exp 2, 3 and 4
(left panel), and its change from Exp 3 to Exp 2 (center panel) and change from Exp 4 to Exp 2 (right panel). In the left
panel solid line represents Exp 2, dotted Exp 3, and dashed Exp 4. Grey (peach) shading around the solid (dashed) line
depicts +/- two standard error. In the two rightmost panels, thin coloured lines represent individual models, thick black
line is themulti-model mean.
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F IGURE 11 Vertical profiles of GWmomentum flux averaged between 10◦S and 10◦N formodels with fixed GW
source parameterizations (left) and interactive GW sources (right). Solid lines represent Exp 2, dotted lines represent
Exp 3 and dashed lines are for Exp 4. Eastward (westward) momentum flux is depicted by positive (negative) values
respectively. Note that momentum fluxwas divided by a factor of 10 for 60LCAM5. GWmomentum fluxes were not
available for EMAC, andMIROC-AGCM-LL does not use a GWparameterization, hence only ninemodels are shown.

-25 -20 -15 -10 -5 0 5 10 15 20 25
Zonal Mean Wind (m s-1)

1000

100

10

(a) All Lons

-25 -20 -15 -10 -5 0 5 10 15 20 25
Zonal Mean Wind (m s-1)

1000

100

10

Pr
es

su
re

 (h
Pa

)

(b) 0 - 180o

-25 -20 -15 -10 -5 0 5 10 15 20 25
Zonal Mean Wind (m s-1)

(c) 180 - 360o

-25 -20 -15 -10 -5 0 5 10 15 20 25
Zonal Mean Wind (m s-1)

0

10

20

30
H

ei
gh

t (
km

)

F IGURE 12 Multi-model mean of zonal mean wind averaged between 5◦S and 5◦N and all longitudes (left), 0 - 180◦
(middle), and 180 - 360◦ (right) (Black lines) andmulti-model mean +/- one inter-model standard deviation (grey lines).
Solid lines are for Exp 2, dotted for Exp 3, and dashed for Exp 4.
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F IGURE 13 Vertical component of EP flux averaged between 85 and 70 hPa and 10◦S and 10◦N as a function of
zonal wavenumber and frequency for Exp 2 (left column). Middle (right) column shows ratio of vertical EP flux for Exp 3
to Exp 2 (Exp 4 to Exp 2). Positive (negative) wavenumbers represent eastward (westward) propagating waves.
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F IGURE 14 Vertical component of EP flux averaged between 85 and 70 hPa and over (a) westerly (negative) wave
phase speeds, (b) easterly (positive) wave phase speeds. Ratio of westerly to easterly vertical component of EP flux is
shown in panel (c). Values are shown for Exp 2 (gray), Exp 3 (blue) and Exp 4 (red) for individual models as well as the
multi-model mean.
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F IGURE 15 Scatter plot of relationship between changes in QBO period from Exp 3 to Exp 2 (left panels) and Exp 4
to Exp 2 (right panels) vs % change in w̄ ∗ averaged between 50 and 100 hPa (1st row); westerly (eastward) momentum
flux at 100 hPa, TauW (2nd row); easterly (westward) momentum flux at 100 hPa, TauE (3rd row); westerly vertical
component of EP flux averaged between 85and 70 hPa, FzW (4th row); and easterly vertical component of EP Flux
averaged between 85and 70 hPa, FzE (5th row). Circles denote QBO period changes using the lag correlationmethod,
and the grey line shows the correlation line using those values. Triangles depict QBO period changes calculated using
the TTmethod and are only shownwhen the triangles don’t overlap with the circles. Linear correlation coefficient, R, is
depicted in the top right corner of the plot, with the first value showing correlations with QBO period changes derived
using the lag correlationmethod and correlations with QBO period changes derived using the TTmethod are shown in
parenthesis. Red color indicates that the correlation is significant according to a two-sided student t-test (p-value <
0.05). Model labels are in the top left panel. In the second and third rows EMAC andMIROC-AGCM-LL aremissing as
TauW/TauEwere not available for EMAC andMIROC-AGCM-LL does not use a GWparameterization.
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F IGURE 16 Scatter plot of relationship between changes in QBO amplitude derived using the DDmethod from
Exp 3 to Exp 2 (left panels) and Exp 4 to Exp 2 (right panels) vs: % change inw ∗ at the same level as QBO amplitude
depicted in the panel title (top row); westerly (eastward) momentum flux at the same level as QBO amplitude, TauW,
(2nd row); easterly (westward) momentum flux at the same level as QBO amplitude, TauW, (3rd row); westerly vertical
component of EP flux averaged between 85 and 70 hPa (4th row); and easterly vertical component of EP flux averaged
between 85 and 70 hPa (5th row). Correlations with amplitude are shown for the level at whichmaximum correlation
exists. Model labels are shown in the top left panel. Linear correlation coefficient, R, is depicted in the top right corner
of the plot. Red color indicates that the correlation is significant according to a two-sided student t-test (p-value < 0.05).
In the 2nd and 3rd rows EMAC andMIROC-AGCM-LL aremissing as TauW/TauEwere not available for EMAC and
MIROC-AGCM-LL does not use a GWparameterization.
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