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Abstract The quasi-biennial oscillation (QBO) of the zonal mean zonal wind is the primary mode of
variability in the tropical lower stratosphere. The QBO is characterized by alternating easterly westerly
shear layers that descend down from ∼10 to 100 hPa. The QBO is also seen in lower stratospheric tropical
temperature, water vapor, and ozone and affects tropospheric variability through various teleconnections.
We examine here the progress in simulating the QBO in the Coupled Model Intercomparison Project
(CMIP) models, more specifically in CMIP3, CMIP5, and CMIP6 models. We show that the number of
models that are able to simulate the QBO has increased from 0 in CMIP3, to 5 in CMIP5, to 15 in CMIP6.
While the number of models with an internally generated QBO has tripled from CMIP5 to CMIP6, the
fidelity of the simulation averaged over the CMIP models has not improved. We show that CMIP5 and
CMIP6 models represent the QBO period and latitudinal extent quite well; however the QBO amplitude is
shifted upwards relative to observations resulting in large underestimation of QBO amplitude at all levels
below 20 hPa. The underestimation of QBO amplitude in the lowermost stratosphere and lack of variations
downward to the tropopause and below will likely impact the quality of teleconnections seen in the current
generation Earth system models.

Plain Language Summary The quasi-biennial oscillation (QBO) is an important mode of
variability in the tropical lower stratosphere and impacts variability in the stratosphere and troposphere.
We show that the number of climate or Earth system models being able to simulate the QBO in Cou-
pled Model Intercomparison Project (CMIP) models has increased by a factor of 3 from CMIP5 to CMIP6.
However, the quality of the simulation of the QBO has not improved. Overall, models simulate the period
of the QBO well but underestimate the QBO amplitude at all levels below 20 hPa.

1. Introduction
The QBO is a prominent feature of the equatorial lower stratosphere and upper troposphere, with alter-
nating easterly and westerly zonal mean wind shear zones descending from ∼10 to 100 hPa. The period
of the observed QBO ranges from about 20 to 32 months with an average of ∼28 months (Baldwin et al.,
2001; Bushell et al., 2020). The QBO impacts the variability of many parts of the Earth system. It directly
influences the lower tropical stratospheric and upper tropospheric temperature and chemical constituents
such as water vapor, ozone, and methane (Randel & Wu, 1996; Randel et al., 1998). In addition, the QBO
impacts the stratosphere and troposphere through teleconnections. The QBO affects the variability of the
stratospheric polar vortex through the so-called Holton-Tan effect (Holton & Tan, 1980), which may also be
modulated by the solar cycle (Anstey & Shepherd, 2014; Labitzke, 1987; Labitzke & van Loon, 1988). The
QBO effects on the polar vortex manifest themselves in the troposphere as changes in the variability of the
North Atlantic Oscillation (NAO), with the QBO West-East difference resembling the positive phase of the
NAO (Anstey & Shepherd, 2014). The QBO also affects extratropical storm tracks (Wang et al., 2018) and the
Pacific subtropical jet (Garfinkel & Hartmann, 2010). In the tropics, studies have demonstrated the influ-
ence of the QBO on convection (Collimore et al., 2003; Liess & Geller, 2012), tropical cyclone tracks in the
western North Pacific (Ho et al., 2009), and recently, several studies have found that in observations, the
QBO modulates the amplitude of the Madden-Julian oscillation (MJO) in boreal winter, and this influence
is larger than that from El Niño–Southern Oscillation (ENSO) (Son et al., 2017; Yoo & Son, 2016).
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Coupled Model Intercomparison Project (CMIP) is run by the World Climate Research Programme (WCRP)
Working Group on Coupled Modelling (WGCM) with the central goal of advancing scientific understand-
ing of the Earth system. Since 1995, CMIP has coordinated climate model experiments involving multiple
international modeling teams worldwide and has developed in phases (Meehl et al., 1997, 2007; Taylor et al.,
2012). As the field of Earth system modeling has matured, so has the number of models involved with CMIP,
ranging from 20 models in CMIP1 and CMIP2 to 23 models in CMIP3, to 42 models in CMIP5, and to over
60 models in the sixth phase, CMIP6, now in progress (Eyring et al., 2016). CMIP has led to better under-
standing past, present, and future climate change and variability within multimodel frameworks defining
common experiment protocols, forcings, and outputs.

From its inception, CMIP was formulated to utilize the current state-of-the-art global coupled climate mod-
els developed by international modeling groups for scientific research. The development of these models
is a balance between model complexity, model resolution (horizontal and vertical), and available comput-
ing resources, to allow multicentury simulations. Over time, modeling groups have strived to include added
complexity and resolution, including in the stratosphere, as stratospheric dynamics were viewed as mak-
ing important contributions to the climate system simulations. At the time of CMIP3, only a few so-called
high-top Earth system models (ESMs) appeared with added vertical resolution to better resolve stratospheric
dynamics and were being run as experimental versions. For example, HadGEM1 did not simulate a QBO
in CMIP3 but did in a subsequent 60-level configuration (Osprey et al., 2010; Schenzinger et al., 2017).
In CMIP5, only five models were able to simulate a QBO, which in large part motivated the Stratosphere
Processes and their Role in Climate (SPARC) QBO initiative (QBOi) to improve the simulation of tropical
stratospheric variability in general circulation models (GCMs) and ESMs (Butchart et al., 2018). As part of
QBOi, simulations of the QBO were examined in 13 atmosphere-only models run under present-day cli-
mate (Bushell et al., 2020), and 11 models' QBO response to doubling and quadrupling CO2 was examined
by Richter et al. (2020). In addition, the proximal forcing of the QBO was examined by Holt et al. (2019).
Modeling centers participating in QBOi were attentive to the representation of their models stratosphere,
and the simulation of the QBO in particular. In most models, a parameterization of nonorographic gravity
waves (GWs) is required in order to simulate the QBO. Among QBOi models, parameterized GWs provide
40% to 80% of the momentum forcing required to drive the QBO, and these parameterizations are highly
tuned in order to obtain the correct QBO characteristics (Bushell et al., 2020; Butchart et al., 2018).

It is only with the generation of ESMs now being run in CMIP6 that “high-top” atmospheric models are more
of a standard feature as faster supercomputers allow increased complexity and vertical resolution, with the
latter being crucial for the simulation of the QBO (Geller et al., 2016; Richter et al., 2014). Additionally, the
importance of stratospheric processes, including the QBO, to credible simulations of Earth system variability
and skillful near-term climate predictions has been demonstrated in numerous studies (Anstey & Shepherd,
2014; Scaife, Arribas, et al., 2014; Scaife, Athanassiadou, et al., 2014; Wang et al., 2018). Presently, there are
sufficient QBO-simulating ESMs to perform multimodel comparisons within the context of CMIP. Here, we
examine the key modeled characteristics of the QBO within CMIP6, comparing those derived for CMIP5.

2. Models and Observations
The primary quantity analyzed throughout this study is monthly mean zonal mean zonal mean wind and
temperature for the time period of 1979 to 2014 from CMIP models. We combine output from historical
simulations for years 1979–2005 with years 2006–2014 of the Representative Concentration Pathway 8.5
(RCP8.5) simulations for 35 CMIP5 models. For CMIP6, we use output from historical simulations from
1979 to 2014 for the 30 models that were available at the time of the preparation of this manuscript. Since
none of the CMIP3 models had an internally generated QBO, we do not examine these simulations in detail;
however, we still use output from historical simulations from 22 models, years 1979 to 1999, to compare the
tropical stratospheric variability across the CMIP3 ensemble. All CMIP models used in this study are listed
in Table 1. We use the first available ensemble member for all models, which gives all models equal weight
in the multimodel mean. QBO characteristics are very consistent across individual ensemble members. We
use ERA-Interim reanalysis (ERAI, Dee et al., 2011) as the observational baseline. CMIP6 output is available
on eight stratospheric pressure levels: 1, 5, 10, 20, 30, 50, 70, and 100 hPa. We interpolate all other model
output and reanalysis to these levels for consistency.

For reference, we also show the amplitude of the QBO from Experiment 1 of QBOi (Bushell et al.,
2020; Butchart et al., 2018). Thirteen models carried out this experiment (60LCAM5, AGCM3-CMAM,
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Table 1
Summary of Models Used From CMIP3, CMIP5, and CMIP6

# CMIP3 CMIP5 CMIP6
1 BCCR-BCM2-0 ACCESS1-0 AWI-CM-1-1-MR
2 CCMA-CGCM3-1 ACCESS1-3 BCC-CSM2-MR
3 CCMA-CGCM3-1-T63 bcc-csm1-1 BCC-ESM1
4 CNRM-CM3 bcc-csm1-1-m CAMS-CSM1-0
5 CSIRO-MK3-0 BNU-ESM CanESM5
6 GFDL-CM2-0 CanESM2 CESM2
7 GFDL-CM2-1 CCSM4 CESM2-WACCM
8 GISS-AOM CESM1-CAM5 CNRM-CM6-1
9 GISS-MODEL-E-H CESM1-WACCM CNRM-ESM2-1
10 GISS-MODEL-E-R CMCC-CM E3SM-1-0
11 IAP-FGOALS1-0-G CMCC-CMS EC-Earth3
12 INGV-ECHAM4 CNRM-CM5 EC-Earth3-Veg
13 INMCM3-0 CSIRO-Mk3-6-0 FGOALS-g3
14 IPSL-CM4 FGOALS-g2 GFDL-CM4
15 MIROC3-2-HIRES FIO-ESM GFDL-ESM4
16 MIROC3-2-MEDRES GFDL-CM3 GISS-E2-1-G
17 MPI-ECHAM5 GFDL-ESM2G GISS-E2-1-G-CC
18 MRI-CGCM2-3-2A GFDL-ESM2 M GISS-E2-1-H
19 NCAR-CCSM3-0 GISS-E2-H HadGEM3-GC31-LL
20 NCAR-PCM1 GISS-E2-R IPSL-CM6A-LR
21 UKMO-HadCM3 HadGEM2-AO MCM-UA-1-0
22 UKMO-HadGEM1 HadGEM2-CC MIROC6
23 HadGEM2-ES MIROC-ES2L
24 inmcm4 MPI-ESM1-2-HR
25 IPSL-CM5A-LR MRI-ESM2-0
26 IPSL-CM5A-MR NESM3
27 IPSL-CM5B-LR NorCPM1
28 MIROC5 NorESM2-LM
29 MIROC-ESM SAM0-UNICON
30 MIROC-ESM-CHEM UKESM1-0-LL
31 MPI-ESM-LR
32 MPI-ESM-MR
33 MRI-CGCM3
34 NorESM1-M
35 NorESM1-ME

Note. Models that are able to simulate the QBO are marked in bold.

CESM1 (WACCM5-110L), ECHAM5sh, EMAC, HadGEM2-A, HadGEM2-AC, LMDz6, MIROC-AGCM-LL,
MIROC-ESM, MRI-ESM2, UMGA7, and UMGA7gws), which consisted of a simulation with observed pre-
scribed sea surface temperatures (SSTs) and sea ice as well as external forcings for the period between
January 1979 and February 2009. Details of the QBOi models and experiments can be found in Butchart
et al. (2018) and Bushell et al. (2020).

3. QBO Metrics
The observed QBO, with the exception of the interrupted cycle in year 2016, which is not being considered
here, is a very regular oscillation, and various commonly used methodologies to arrive at basic QBO metrics,
such as QBO period and amplitude, result in the same answer. However, due to the deficiencies in the
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Figure 1. Zonal mean zonal wind averaged between 5◦S and 5◦N as function of time and pressure for CMIP6 models and ERAI reanalysis in m s−1. Model
names are specified in panel titles.
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simulation of the QBO in models, different methods of arriving at QBO characteristics sometimes lead to
different values, especially in a warming climate (Bushell et al., 2020; Richter et al., 2020). Schenzinger
et al. (2017) defined metrics of the QBO for use in climate models and applied them to CMIP5 models and
models submitted to Phase 2 of the Chemistry-Climate Model Validation Activity (SPARC, 2010). We use
the same metrics here to evaluate QBOs in CMIP models, as well as several additional ones that have been
demonstrated to be particularly useful in determining properties of less regular QBOs by Bushell et al. (2020)
and by Richter et al. (2020). Schenzinger et al. (2017) defined over 20 metrics of the QBO. Here, we focus
only on key metrics that capture the most important properties of the QBO and are of interest to a wide
audience. We focus here on QBO metrics derived from the zonal mean zonal wind, as the QBO signature is
clearest in this quantity. We show QBO amplitude also in zonal mean temperature; however, this quantity is
influenced by multiple factors in the lower stratosphere, such as changes in the seasonal cycle and volcanic
eruptions; hence, the QBO signal cannot be as clearly isolated as in the zonal mean zonal wind.

3.1. Definition of the QBO
Figure 1 shows the 5◦S to 5◦N averaged zonal mean zonal wind in the stratosphere and upper troposphere
for CMIP6 models. A similar illustration is shown in Figure 1 of Butchart et al. (2018) for CMIP5 models.
Before QBO metrics can be defined, a choice needs to be made with regard to which models we consider
to have a QBO. In observations, the QBO is characterized by alternating descending easterly and westerly
shear zones, between ∼10 and 100 hPa, with an average period of 28 months. Visual inspection of Figure 1
shows that tropical stratospheric zonal mean wind oscillations exist in many models, but their character-
istics greatly vary. For example, the time between individual oscillation cycles is on average as short as
16 months in E3SM-1-0 and as long as 70 months in GFDL-ESM. In some models, easterly and westerly
layers descend regularly (e.g., EC-Earth3 and HadGEM3-GC31-LL), and in some, the westerlies often stall
(e.g., in AWI-CM-1-1-MR and MPI-ESM1-2-HR). Some models show alternating easterlies/westerlies; how-
ever, the vertical range and amplitude of the oscillations are much smaller than in observation (e.g., NESM3
and NorESM2-LM). Here, we consider a model to have a QBO if the 5◦S to 5◦N averaged zonal mean zonal
wind time series between 100 and 10 hPa exhibits alternating easterlies and westerlies, and the standard
deviation of the deseasonalized time series is at least 20% of that seen in observations at all levels between 70
and 10 hPa. The latter criterion eliminates models that have a very weak amplitude oscillation that does not
resemble the observed QBO, such as NESM3 and NorESM2-LM, from being classified as simulating a QBO.
Models that simulate the QBO according to the above criteria are marked in bold in Table 1. The majority of
the models marked as having a QBO easily exceed the 20% amplitude criterion. The only exception to that
is the GFDL-ESM4 model, which would not be classified as having a QBO if the amplitude criterion was
raised to 25% of the observed value.

3.2. QBO Period
The period is one of the key characteristics of the QBO. We derive it here using two methods:

• QBO transition times (TT): Transitions from westerlies to easterlies and easterlies to westerlies are iden-
tified in the 5◦S to 5◦N averaged zonal mean zonal wind time series at 10 hPa. A period of each QBO cycle
is then the difference in time between every other phase change. Using the distribution of QBO periods
derived in this manner, the minimum, maximum, and mean periods are calculated. This calculation fol-
lows Schenzinger et al. (2017), except here we pick the reference level of 10 hPa for all models, irrespective
of whether the amplitude maximum is at this level or not. Since most models have a maximum amplitude
near 10 hPa, this choice does not really affect the calculation results, and using a consistent level across
models allows for a more fair comparison of various methods of period and amplitude estimation.

• Fast Fourier transform (FFT): FFT analysis is performed on a 5◦S to 5◦N averaged zonal mean zonal
wind deaseasonalized time series at 10 hPa, which was padded at the end with zeros to 10 times the length
of original time series to increase the spectral resolution. The dominant QBO period is identified as the
period at which the FFT spectrum peaks. The exact same method was applied to QBOi models by Richter
et al. (2020). FFT spectra for ERAI and models with oscillations resembling ERAI typically have one large
well-defined peak, and in those cases, the FFT-derived QBO period is very similar to that derived using
the TT method. Models that have less regular tropical oscillations tend to show multiple spectral peaks
of similar amplitude, and for those models, the FFT- and the TT-derived periods differ.
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3.3. QBO Amplitude
QBO amplitude is another key characteristic of the QBO. We calculate it here using the following two
methods:

• TT: The calculation is closely related to the methodology for TT period calculation described in the pre-
vious section. The westerly (easterly) amplitude associated with each QBO cycle is calculated by taking
the maximum (minimum) value of the 5◦S to 5◦N averaged zonal mean zonal wind time series at 10 hPa
in between the QBO phase changes. Mean westerly (easterly) amplitude is arrived at by averaging values
from individual cycles. The total QBO amplitude is then estimated by adding half of the mean easterly
amplitude to half of the mean westerly amplitude. This methodology also follows Schenzinger et al. (2017)
with the exception of the calculation being done always at 10 hPa.

• Dunkerton and Delisi (DD): This calculation follows Dunkerton and Delisi (1985) who showed that when
most of the variability in the monthly mean equatorial winds results from the QBO, the mean amplitude
of the oscillation can be approximated by

√
2𝜎, where 𝜎 is the standard deviation of the deseasonalized

time series of the monthly mean zonal mean wind (in our case, the 5◦S to 5◦N averaged zonal mean
zonal wind). This calculation allows the mean QBO amplitude to be easily calculated as a function of
latitude and height, even when QBOs are not regular and when cycles cannot be easily distinguished.
Bushell et al. (2020) and Richter et al. (2020) showed that the DD-derived amplitude agrees well with the
mean amplitude obtained from the TT method for simulations with well-defined QBOs. In addition, this
diagnostic is a useful measure of tropical variability, even when a well-defined oscillation is not present.

3.4. Spatial Extent
Lastly, we evaluate the spatial structure of the QBO by calculating its latitudinal and vertical extent and
the lowest level to which it reaches. The derivation of these metrics mainly follows the methodology pre-
sented by Schenzinger et al. (2017). First, the QBO zonal wind amplitude latitude-height structure, Au(𝜙, z),
is derived by summing the squares of the amplitudes for the Fourier harmonics corresponding of periods
between the minimum and maximum QBO periods (derived from the TT method) and dividing that quantity
by one half the field standard deviation at each spatial location. Subsequently, the following three quantities
are derived from Au:

• Vertical extent: is defined to be the full width at half maximum of the vertical profile of 5◦S–5◦N averaged
Au.

• Lowest level: is defined as the lowermost pressure level at which the amplitude falls to 10% of the
maximum value of 5◦S–5◦N averaged Au.

• Latitudinal extent: is defined to be the full width at half maximum of the latitudinal profile of Au at 10 hPa
(rather than at the level of maximum amplitude, as is done in Schenzinger et al., 2017).

Linear interpolation is used in the above calculations to arrive at values in between the coarse CMIP6 levels
and in between the latitude grid of the data.

4. Results
4.1. QBO Period
According to the criteria discussed in section 3.1, 5 CMIP5 and 15 CMIP6 models have an internally gen-
erated QBO. Hence, the number of models with a QBO increased by a factor of 3 since CMIP5. Figure 2a
compares the mean, minimum, and maximum QBO periods for these models. For the vast majority of mod-
els, the dominant QBO period derived using the FFT method (colored bars) is very similar to the mean
period derived from the TT method (plus signs). However, for models for which the QBO is not very regular
(e.g., CMCC-CMS in CMIP5 and GFDL-ESM4 in CMIP6), there is a discrepancy between the two methods.
Overall, there is a much greater range of simulated QBO periods in the CMIP6 ensemble as compared to
the CMIP5 ensemble. Deficiencies in the simulation of the QBO period in some models can also be seen
by comparing the minimum and maximum period values derived using the TT method (open triangles).
In observations, QBO cycles range from 22 to 33 months in length, whereas in CMIP5 models, the max-
imum QBO period reaches ∼70 months (CMCC-CMS), and in CMIP6, some models have cycles as short
as ∼5 months and as long as 75 months (GFDL-ESM4). GFDL-ESM4 is also the model with amplitude
very close to not meeting the QBO criteria. However, other CMIP6 models also show a very broad range
of QBO periods, such as AWI-CM-1-1-MR, BCC-CSM2-MR, and MPI-ESM2-0. In the ensemble mean, the
FFT-derived QBO period is 28.5 months for CMIP5 and 30.5 months for CMIP6 models, which are similar to
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Figure 2. Dominant (a) QBO periods, (b) 10-hPa QBO amplitude, (c) 10-hPa ratio of westerly to easterly QBO
amplitude, and (d) 50-hPa QBO amplitude for individual CMIP5 models (leftmost five models), individual CMIP6
models (navy through dark red), ERAI (gray), CMIP5 ensemble mean (blue), and CMIP6 ensemble mean (red).
Ensemble means only include models with a QBO. Colors of bars have no particular meaning; they are there for ease of
recognizing an individual model across different panels. In panel (a), colored bars correspond to QBO periods derived
using the FFT method, and pluses and triangles correspond to the mean and min/max QBO period derived using the
TT method, respectively. In panel (b), colored bars denote the 10-hPa amplitude derived using the DD method, whereas
pluses denote the amplitude derived from the TT method. In panel (c), westerly and easterly QBO amplitude is derived
from the TT method, and in panel (d), the QBO amplitude is derived using the DD method.
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the observational QBO period of 28.3 months. Similarly, the TT-derived QBO mean period is 28.3 months for
ERAI and 31.5 and 26.7 months for CMIP5 and CMIP6, respectively, showing that both CMIP5 and CMIP6
models, on average, represent the QBO period well. However, the differences between the mean maximum
and mean minimum QBO periods are 16 months for CMIP5 and 26 months for CMIP6 models, which are
∼1.5 times and over 2 times that of the observed difference of 11 months, showing that there is more vari-
ability in QBO periods in many models as compared to observations. Higher variability in QBO periods in
CMIP models as compared to observations is also evident in the standard deviation (across QBO cycles)
of the TT-derived periods, which is 5.5 and 6.6 months averaged over the CMIP5 and CMIP6 ensemble,
respectively, and only 3.5 months for ERAI (not shown).

4.2. QBO Amplitude
In observations, the DD-derived QBO amplitude peaks at the equator at 20 hPa as illustrated in Figure 3a.
Note that Bushell et al. (2020) reported that the ERAI QBO amplitude peaks at 15 hPa; however, the level
of 15 hPa does not exist in the CMIP6 archive, and we reduced ERAI to the CMIP6 levels; hence, the peak
is at 20 hPa instead of 15 hPa. The latitude/height structure of the QBO for CMIP5 and CMIP6 models
with a QBO (Figure 3b) shows that in general, the QBO in models peaks at 10 hPa. The exception to that
is MIROC-ESM-CHEM in the CMIP5 ensemble, which peaks at 15 hPa (Schenzinger et al., 2017), and
MRI-ESM2-0 in CMIP6, which peaks at 20 hPa (not shown). Figures 3c and 3d further demonstrate that
relative to ERAI, the QBO amplitude is generally strongly underestimated below 20 hPa and overestimated
above 10 hPa in CMIP5 and CMIP6 models. In other words, the QBO amplitude of the CMIP models is
shifted upward relative to observations. The amplitude underestimation below 20 hPa is slightly stronger in
the CMIP6 ensemble. The difference between peak amplitude height between CMIP models and observa-
tions is distorted somewhat due to lack of model output at 15 hPa. In addition, comparison of Figures 3a–3d
shows that the QBO amplitude decreases more quickly away from the equator in CMIP models as compared
to observations, resulting in a narrower QBO. The underestimation of QBO width was also found by Bushell
et al. (2020) for QBOi models.

Figure 2b compares the QBO amplitude at 10 hPa derived using the DD and TT methods for individual CMIP
models. The two measures of amplitude shown yield similar values, however discrepancies of up to 4 m s−1

exist. The QBO amplitude derived using DD and TT methods would match if the QBO time series resembled
a sine wave, but since it does not (in either observations or the models), the shape of the oscillation will affect
whether the DD-derived amplitude is smaller or larger that the TT-derived amplitude. Figure 2b shows that
there is a large range of values of the QBO amplitude at 10 hPa among CMIP models, especially among
CMIP6 models. However, in a multimodel ensemble mean, the CMIP5 and CMIP6 10-hPa QBO amplitudes
are similar to that found in ERAI. Although the mean QBO amplitude is similar to observations, the split
between easterly and westerly amplitude is not. Figure 2c shows that at 10 hPa in observations, the westerly
QBO amplitude is about 40% of the easterly amplitude. Most models however overestimate the westerly
amplitude and underestimate the easterly amplitude (not shown) resulting in a multimodel mean westerly
to easterly amplitude ratio of ∼0.6. As the QBO amplitudes using the TT method are derived from the raw
(and not deseasonalized zonal mean zonal wind), another interpretation of this finding is that models tend
to carry a mean westerly bias in the tropical stratospheric zonal mean zonal wind, which is confirmed by
comparing the annually averaged tropical zonal mean zonal wind to observations (not shown).

Although the QBO amplitude peaks near 10 hPa, numerous studies have shown that the connection of
the QBO to tropospheric variability is strongly correlated with QBO winds in the lowermost stratosphere.
Teleconnections of the QBO to the polar vortex are most often examined at 50 hPa (e.g., Anstey & Shepherd,
2014). Studies showing the influence of the QBO on the MJO (e.g., Son et al., 2017; Yoo & Son, 2016) also
use the 50-hPa QBO index. Figure 2d shows that the 50-hPa QBO amplitude is underestimated in all CMIP5
models and in all but two CMIP6 models (E3SM-1-0 and MRI-ESM2-2-HR). In an ensemble average, 50-hPa
QBO amplitude is 68% of the observed value in CMIP5 models and only 62% of the observed value in CMIP6
models. Similar deficiencies in QBO amplitude in GCMs are found at 70 hPa (not shown).

Figures 3e and 3f summarize our findings regarding tropical variability in CMIP models. For models with
QBOs, the DD method was demonstrated above to be a very good proxy of the QBO amplitude (Figure 3e).
Applied to all models, with and without QBOs, the DD amplitude is a measure of tropical variability
(Figure 3f). Figure 3e shows that below 30 hPa, the CMIP5 and CMIP6 ensembles are indistinguishable from
each other as well as from the QBOi models. Between 10 and 30 hPa, the CMIP5 (CMIP6) QBO amplitudes
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Figure 3. DD amplitude for (a) ERAI, (b) CMIP6 (shading and solid line) and CMIP5 (dotted line) ensembles, (c) CMIP5 ensemble—ERAI (shading), and
(d) CMIP6 ensemble—ERAI (shading). Solid contours in panels (c) and (d) show the ERAI DD amplitude. Panel (e) shows the vertical profile of DD amplitude
averaged between 5◦S and 5◦N for ERAI (black), QBOi models (orange), CMIP5 models with a QBO (blue), and CMIP6 models with a QBO (red). Blue (pink)
shading represents the ±2 standard error (2 times the multimodel standard deviation divided by

√
n , where n is the number of models) for the CMIP5 (CMIP6)

ensemble. Gray shading is the region where pink and blue shadings overlap. Panel (f) shows the same solid lines as in panel (e) but with DD amplitude
calculated for all models in the CMIP5 and CMIP6 ensembles. In addition the CMIP3 ensemble is added in green.
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Figure 4. Same as Figures 3e and 3f but for temperature.

are somewhat higher (lower) than those of QBOi models; however, the distributions across models (indi-
cated by the standard error shading) are overlapping, indicating that the CMIP5 and CMIP6 values are not
significantly different. It is clear from Figure 3e that ERAI QBO amplitude lies outside of the CMIP5 and
CMIP6 distribution at and below 20 hPa, showing that CMIP5 and CMIP6 models strongly underestimate
the QBO amplitude in the lower stratosphere. Since all of the simulations considered in QBOi were done
with prescribed SSTs, and CMIP5 and CMIP6 are coupled ocean-atmosphere simulations, the similarity of
the amplitudes between these ensembles also implies that coupling to the ocean is not a likely cause of defi-
ciencies in the QBO amplitude in CMIP models. Although no progress has been made in representing the
QBO amplitude in CMIP models from CMIP5 to CMIP6, the tropical variability across the CMIP ensembles
has quadrupled from CMIP3 to CMIP5 models and has nearly doubled from CMIP5 to CMIP6 models due
to the greater fraction of models representing the QBO (Figure 3f).

As several of the teleconnections of the QBO to the troposphere are hypothesized to depend on the temper-
ature perturbations associated with the QBO, Figures 4a and 4b show the QBO amplitude in temperature
derived using the DD method, analogously to the DD amplitude in zonal mean wind shown in Figures 3e
and 3f. For ERAI, variability within the range of typical QBO periods (as defined by a Fourier window of
20–40 months) accounts for approximately 80–90% of the DD amplitude for zonal-mean zonal wind in the
10- to 70-hPa layer, corroborating that the DD amplitude is a useful measure of QBO amplitude. This fraction
is similar for zonal mean temperature near the altitudes where QBO amplitude peaks (20 and 30 hPa), but
smaller at lower altitudes ( 65% at 70 hPa and 50% at 100 hPa), indicating that other variability besides the
QBO contributes appreciably to the DD temperature amplitude at altitudes in the lower tropical stratosphere
(not shown). One of the largest factors that impacts temperature perturbations below 50 hPa is volcanic
eruptions, such as the eruption of Mt. Pinatubo in 1991. Figure 4 shows that the amplitude of the QBO sig-
nal in temperature above 70 hPa is much smaller in CMIP models than observed, consistent with what was
shown in the zonal mean zonal wind in Figures 3e and 3f. However, below 70 hPa, the differences between
the modeled and observed DD temperature amplitude are not as large, as only a small portion of that signal
is coming from the QBO. Comparison of Figure 4b to Figure 4a shows that in all models, the DD amplitude
vastly differs between models with a QBO and all models only for altitudes above 50 hPa, further showing
that the temperature signal is clearly affected by the QBO in the middle to upper stratosphere. In addition,
Figure 4a also shows that the temperature perturbations in the lowermost stratosphere is lower in QBOi
models than CMIP6 models. This is due to the fact that only about half of the QBOi models include the
effects of volcanoes and hence do not include the strong warming perturbations that are associated with
their eruptions, which decreases the DD amplitude in temperature by 0.2 to 0.3 K in the lowermost tropical
stratosphere (not shown).

4.3. QBO Spatial Extent
The QBO spatial extent characteristics, shown in Figure 5, are largely a reflection of and quantification
of what was already observed in the latitude/height QBO amplitude figures. The latitudinal extent of the
QBO at 10 hPa is underestimated by most models; however, the difference from observations is rather small
(Figure 5a). Only two models, GFDL-ESM4 and IPSL-CM6A-LR, underestimate the QBO latitudinal extent
by more than 10%. In a multimodel average, CMIP5 models underestimate the QBO latitude extent at 10 hPa
by ∼4% and CMIP6 models by ∼8%.
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Figure 5. QBO (a) latitudinal extent (◦) at 10 hPa, (b) vertical extent in log-pressure altitude (km), and (c) lowest level
(pressure level at which amplitude drops to 10% of maximum amplitude). Model labels are the same as in Figure 2.

The vertical extent, or the depth of the QBO, is overestimated by all CMIP5 models and about half of the
CMIP6 models; 25% of the CMIP6 models overestimate the vertical extent by over 25%, resulting in 15% over-
estimation in QBO vertical extent of the CMIP6 ensemble and 20% overestimation for the CMIP5 ensemble.
This bias in QBO depth is manifested as the higher than observed QBO amplitudes above 10 hPa, especially
in CMIP5 models (Figure 3c), or an upward shift of the QBO. The QBO lowest level, shown in Figure 5c,
shows that despite the larger depth, the QBO does not reach far enough down into the lower stratosphere
for a vast majority of CMIP5 and CMIP6 models. The exceptions to that are HadGEM2-CC in CMIP5 and
E3SM-1-0 and MRI-ESM-2-0 out of the CMIP6 models. In a multimodel average, the discrepancy between
the QBO lowest level in CMIP5 and CMIP6 models and observations is about 10 hPa or 12%, or roughly 1 km
in log-pressure altitude.

5. Summary and Discussion
We have examined here the key characteristics of the QBO in coupled historical simulations, 1979 to 2014,
in CMIP models. The number of models with an internally generated QBO rose from 0 in CMIP3, to 5 in
CMIP5, to 15 in CMIP6. Despite the tripling of the number of models that are able to simulate the QBO, the
quality of the simulation of the QBO from CMIP5 to CMIP6 has not changed. Most of the CMIP5 models
capture the correct mean QBO period. With only a few exceptions, CMIP6 models also represent well the
mean QBO period; however, the range of simulated periods is twice as large as in observations.
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Both CMIP5 and CMIP6 models accurately represent the QBO amplitude near 10 hPa, which is the level
of maximum QBO amplitude for most models. CMIP models also do a reasonable job representing the
QBO latitudinal extent at 10 hPa. In a multimodel average, CMIP5 (CMIP6) models underestimate the QBO
amplitude at 10 hPa by only ∼4(8)%. However, the majority of models significantly underestimate the QBO
amplitude at and below 20 hPa, and overestimate it above 10 hPa, especially in the CMIP5 models. In other
words, the QBO appears to be shifted upwards in many models relative to what is seen in observations.
The underestimation of QBO amplitude in the lower stratosphere is large. At 50 hPa, the QBO amplitude
in CMIP5 models is on average 68% of the observed value, and it is only 62% of the observed value in the
CMIP6 ensemble. Similar biases are seen at 70 hPa. The depth, or vertical extent, of the QBO is on average
higher than observed in CMIP5 and CMIP6 models; however, the lowest level that the QBO reaches is at a
higher altitude than in observations 10-hPa difference, pointing again to an upward shift of the oscillation
in the models and particular deficit in the representation of the QBO in the lowermost levels.

Shortcomings in the QBO amplitude below 20 hPa and the inadequate reach into the lowermost stratosphere
of the QBOs in CMIP models may have consequences for those QBO teleconnections that have been found
to correlate strongly with QBO winds near 50 hPa (Anstey & Shepherd, 2014; Son et al., 2017; Wang et al.,
2018; Yoo & Son, 2016). In addition, if the QBO in zonal mean zonal wind does not reach far down enough,
the temperature anomalies associated with the QBO, which are one-fourth cycle out of phase with the wind
anomalies, will likely be weak in the lowermost stratosphere. As temperature anomalies are one of the mech-
anisms in which the QBO is thought to influence tropospheric variability, these connections might also be
weak. Hence, although more models than ever are simulating the QBO, its influence on the tropospheric
variability in GCMs may still be elusive. The influence of the QBO on the stratospheric polar vortex and the
MJO in CMIP6 models are actively being investigated and will be reported on in separate publications.

There are several factors that are likely responsible for the deficiencies in the representation of the QBO in
climate models. First, vertical resolution of ∼500 m has been demonstrated to be needed to adequately rep-
resent the QBO. For example, Richter et al. (2014) have shown that increased vertical resolution increased
the generation of and forcing of the QBO by Kelvin and mixed GWs. Geller et al. (2016) have shown that ver-
tical resolution is necessary to resolve wave-mean flow interactions that cause the shear layers to descend
down to 100 hPa. However, many CMIP models have vertical resolution coarser than 500 m, and it is not
clear how vertical resolution finer than 500 m would affect the QBO and momentum deposition from Kelvin
and mixed Rossby GWs. CMIP6 model, CESM2-WACCM, produces an internally generated QBO; however,
it is deficient in amplitude in the lower stratosphere due to relatively poor vertical resolution. A much better
QBO was obtained in a previous version of this model, CESM1-WACCM, when the vertical resolution was
doubled in the troposphere and lower stratosphere (Garcia & Richter, 2019). Holt et al. (2019) has demon-
strated a clear relationship between the wave forcing from resolved waves in the lower stratosphere and
vertical resolution in QBOi models. Similar dependence of lower stratospheric wave forcing on horizontal
resolution was not found. Holt et al. (2019) also showed that even models that have ample wave momen-
tum flux entering the lower stratosphere seem to underestimate the contribution of these waves to the QBO
driving in the upper stratosphere, which suggests that factors such as vertical resolution and numerical
dissipation might influence the effectiveness of Kelvin and mixed Rossby GWs in driving the QBO.

Since the resolved wave forcing of the QBO is underestimated in most models, GCMs typically depend on
parameterizations of nonorographic GW drag to account for the rest of the forcing (Bushell et al., 2020; Holt
et al., 2019). The majority of models utilize GW parameterizations that use a fixed GW source spectrum that
is the same in the tropics and extratropics and is not explicitly linked to spatiotemporally varying tropo-
spheric sources. In reality, the GW spectrum in the extratropics is different than that in the tropics; hence,
this spectrum is a tuned compromise, likely inadequately representing the phase speed spectrum of GWs
generated by tropical convection. In particular, an inadequate amount of momentum flux from waves with
low-phase speeds, less than 10 m s−1, will impede the downward propagation of the shear zones. A few mod-
eling centers in recent years have changed their GW parameterizations to be linked to tropospheric sources
in the hope that they would be more realistic and respond to tropospheric variability and climate change
(Bushell et al., 2015; Lott et al., 2012; Richter et al., 2010). However, Richter et al. (2020) have shown that
there is no convergence among those parameterizations in how the tropical GW spectrum, and hence the
QBO, will change in a warming climate. In addition, these parameterizations were designed to more accu-
rately represent the spectrum of waves that is not resolved in climate models, but in reality, they also need
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to compensate for errors due to inadequate representation of Kelvin and mixed Rossby GWs, zonal mean
wind biases, numerical diffusion, and inadequate vertical resolution.

Another factor that could contribute to the inadequate representation of the QBO in CMIP models is the
process by which CMIP models are developed. The majority of resources are typically invested in developing
the tropospheric physics and tropospheric climate, and the stratosphere is often tuned last, shortly before
the deadline of model delivery and with limited computational resources. This could explain why there is
such a wide range of mean QBO periods among CMIP6 models as compared to QBOi models for example,
but does not explain the deficiencies in QBO amplitude, as QBOi models showed to have the same biases
(Bushell et al., 2020) and those modeling centers self-selected to participate in QBOi and typically spent
ample time tuning the stratospheric simulation.

Lastly, in this manuscript, we focused on the simulation of the QBO in historical simulations. These have a
larger range of SSTs than simulations with prescribed observed SSTs, a factor that could affect the forcing
of Kelvin and mixed Rossby GWs. In models with source-dependent GW parameterizations, this could also
alter the GW spectrum. Simulations with prescribed 20th-century SSTs were not available yet for all the
models considered here for CMIP6 (and were not available for CMIP5 models either); hence, we cannot
quantify this influence at this time. However, averaged over CMIP5 and CMIP6, the QBO near-equatorial
amplitude is virtually indistinguishable from QBOi models throughout most of the stratosphere, and QBOi
models all used prescribed observed SSTs. Hence, it is unlikely that the variable SSTs are a large factor
contributing to the biases in the representation of the QBO seen in the CMIP models.

In summary, while there has been a large increase in the number of models with the QBO among CMIP
models in the last 20 years, the fidelity of the simulation of the QBO among the QBO-resolving models, in a
multimodel mean, has not improved. The presence of 50% of models with the QBO in the CMIP6 ensemble
could help answer the question of how much does the QBO matter for representing tropospheric variability
correctly; however, the biases in the QBO amplitude in the lower stratosphere are likely a limiting factor in
assessing this adequately. Several studies of QBO teleconnections in CMIP6 models are already underway
to answer this question.
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