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Key Points:

e The impact of the QBO on the stratospheric polar vortex is projected to be stronger in
the future by CMIP5/6 models.

e The NAO-like response during QBO winters are enhanced eastward in the
RCP85/SSP585 scenarios, implying a stronger impact of QBO on the near surface.

e This strengthening is not due to a change in the QBO amplitude, as indeed most models
project a weaker QBO.

Abstract

Using state-of-the-art models with a spontaneous quasi-biennial oscillation (QBO) from
the Coupled Model Intercomparison Project Phases 5 and 6 (CMIP5/6), this study explores
projected changes in the Holton-Tan (HT) relationship and the near surface response to the
QBO. Most models project an enhanced surface response to the QBO via a strengthened HT
relationship in the future. Specifically, the North Atlantic Oscillation-like response is projected
to double and shift eastward in the future in the high-end emissions scenarios compared with
the historical simulation. This strengthening occurs even as the amplitude of the QBO in the
tropical stratosphere weakens from the historical simulation to the future projections. The
seemingly contradictory projections of future changes in the QBO and the HT relationship
might imply that the HT relationship changes nonlinearly with the QBO intensity, and the
coherent changes in the background circulation structure should also be highlighted.
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Plain language summary

Projecting the weather on sub-seasonal and seasonal timescales is extremely difficult yet is
essential for certain applications. Forecasting skill on these timescales relies on features in the
climate system that persist for longer than two weeks, and one such feature is the quasi-biennial
oscillation (QBO). Here, we use Earth system model simulations from the Coupled Model
Intercomparison Project Phases 5 and 6 (CMIP5/6) to demonstrate that the surface response to
the QBO via the Holton-Tan (HT) relationship is projected to strengthen. Specifically, the
North Atlantic Oscillation response is projected to double and shift eastward in the future in
the high-end emissions scenarios compared with the historical simulation. This strengthening
is not due to a change in the QBO amplitude, as indeed most models project a weakening trend
for the QBO amplitude, and also a shortening trend for the QBO periodicity. The seemingly
contradictory projections of future weakening of the QBO yet strengthening of the HT
relationship suggests that the HT relationship will change nonlinearly with the QBO intensity,
and the coherent changes in the background circulation structure should also be highlighted.

1. Introduction

It is more difficult to forecast the weather on sub-seasonal and seasonal timescales as
compared to shorter timescales, but these predictions on longer time scales are of essential
importance for certain applications (Rayner et al., 2005; Morss et al., 2008; Vitart et al., 2017).
The Quasi-Biennial Oscillation (QBO) can impact near-surface climate and weather in the
Northern Hemisphere (NH) winter by modulating the variability of the stratospheric polar
vortex (Holton & Tan, 1980; Baldwin et al., 2001; Ruzmaikin et al., 2005; Marshall & Scaife,
2009). The connection between the QBO and the polar vortex is the so-called Holton-Tan
relationship (HT relationship hereafter), although the mechanism originally proposed by HT
may not explain the entirety of the polar stratospheric response (Garfinkel et al., 2012; Watson
& Gray, 2014; White et al., 2015; Rao et al., 2019). In addition to this polar stratospheric
pathway, there are other pathways whereby the QBO influences the tropospheric circulation
(Garfinkel & Hartmann, 2011a, 2011b; Anstey & Shepherd, 2014; Andrews et al., 2015; Rao
et al., 2020a, 2020Db).

While possible changes in the QBO have been considered by several studies (Kawatani &
Hamilton, 2013; Butchart et al., 2020; Richter et al., 2020a), the changes in the HT relationship
and surface impacts of QBO have not been studied in detail. Due to the decadal and multi-
decadal variability in the HT relationship associated with solar activity (Gray et al., 2001; Lu
et al., 2008) or the alignment of the QBO phases with the seasons (Anstey et al., 2010;
Christiansen, 2010; Rao et al., 2020a, 2020b), the evidence for changes in the future magnitude
of the stratospheric HT relationship in the one study that has examined this issue (Naoe &
Shibata, 2012) is not robust. The possibility of future changes in the corresponding surface
impact of the QBO via the HT mechanism has not been reported yet, especially in the North
Atlantic—European region.

As there has been a rapid increase in the number of state-of-the-art models that are capable
of simulating a spontaneous QBO (Bushell et al., 2020; Rao et al., 2020a, 2020b; Richter et al.,
2020Db), an understanding of the future changes in the QBO and in its impact on the North
Atlantic—European climate has only now become possible. Given the importance of accurate
seasonal forecasts for a range of applications (Rayner et al., 2005; Morss et al., 2008; Vitart et
al., 2017), and the inherent predictability of the QBO on seasonal and annual timescales (Scaife
et al., 2014; Garfinkel et al., 2018), it is important to assess how the surface impacts of the
QBO will change. Rao et al. (2020a) considered in detail the ability of these models to capture
the HT relationship in the historical integrations, and found that if one considers the phase of
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the QBO with peak winds in the lower stratosphere, the models’ HT relationship is of similar
strength to that in reanalysis data. The main purpose of this paper is to demonstrate a
strengthened future response of the surface to the QBO via the HT relationship.

2. Model datasets and methods

2.1 QBO-resolving CMIP5/6 models used in this study

Output from twenty QBO-resolving models are used in this study (Table S1), including 7
CMIP5 models (i.e., from CESM1-WACCM to MPI-ESM-MR) and 13 CMIP6 models (from
BCC-CSM2-MR to UKESM1-0-LL) performing the historical and future scenario simulations.
Four of the CMIP5 models used by Kawatani and Hamilton (2013) are HadGESM2-CC,
MIROC-ESM-CHEM, MIROC-ESM, and MPI-ESM-MR. Note that the first CMIP5 model,
CESM1-WACCM, cannot internally simulate the QBO, and the QBO zonal winds between 86
and 4 hPa are nudged toward the observed QBO with an approximate 28-month cycle period
(Marsh et al., 2013). All the CMIP5 models have a model top at or above the 1 hPa pressure
level and have at least 60 vertical levels. Most of the 13 CMIP6 models that have a QBO are
also high-top models with a model top at or above the 1 hPa pressure level or higher than ~50
km, except that BCC-CSM2-MR has a relatively lower model top. The horizontal resolution in
CMIP6 models is generally higher than in CMIP5 models, though a finer horizontal resolution
appears less important than a finer vertical resolution to simulate the QBO.

The historical and future scenario experiments are available for almost all CMIP5/6
models. The affiliation, nationality, horizontal resolution, model top and levels for each
CMIP5/6 model are listed in Table S1. The historical simulation begins in 1850 and ends in
2005 for CMIP5, whereas the historical simulation ends in 2014 for CMIP6. The future
scenarios are termed differently: it is called Representative Concentration Pathways (RCPs;
Taylor et al., 2012) with a representative radiative forcing value in 2100 (e.g., 2.6, 4.5, 6, and
8.5 W/m?) for CMIP5, and it is called Shared Socioeconomic Pathways (SSPs; Gidden et al.,
2019) for CMIP6. The RCP45 (a moderate warming simulation) and RCP85 (a strong warming
simulation) future scenarios are provided by nearly all of the seven CMIP5 models (no RCP85
for GEOSCCM); the SSP245 (a moderate warming simulation) and SSP585 (a strong warming
simulation) scenarios are provided by all of the 13 CMIP6 models (Eyring et al., 2016). It is
estimated that the RCP45/SSP245 and RCP85/SSP585 provide concentrations of greenhouse
gases for the moderate- and high-end scenarios that achieve climate forcings of 4.5 and 8.5 W
m~2 by 2100, respectively (O’Neill et al., 2016). The three-dimensional monthly mean data
were obtained from the CMIP5/6 database during 2006/2015-2100 for the two scenarios
(RCP45/SSP245 and RCP85/SSP585).

2.2 Methods

The monthly QBO time series are defined as the area-weighted zonal winds over the near-
equator latitude band (5°S-5°N). To filter out the intraseasonal variability that might confound
our procedure to isolate QBO westerly and easterly peaks (i.e., several adjacent peaks might
appear in the original raw data), the time series are smoothed using a five-month running-mean.
To track the long-term trend in the QBO timeseries and to compare the long-term change of
the QBO easterly and westerly phases, the QBO time series are not deseasonalized. Since the
QBO variability is more realistic at 30hPa than that at 50hPa in CMIP5/6, and considering that
the observed HT relationship is evident both for 50hPa and 30hPa winds (Holton & Tan, 1980;
Baldwin et al., 2001), this paper will mainly use zonal winds at 30 hPa to define QBO.
Sensitivity to using the QBO index at 50 hPa is explored in the supplemental material.
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Two methods of defining the QBO amplitude are described as follows. All the QBO
westerly and easterly extrema at a given pressure level are identified and marked. If no easterly
(westerly) extrema interrupt two adjacent westerly (easterly) extrema, the weaker one of the
two westerly (easterly) extrema is deleted. Then all QBO westerly and easterly extrema are re-
identified. In this way, only the largest one of several adjacent westerly extrema without an
easterly interruption is chosen as the QBO westerly amplitude (Aw) in a complete QBO cycle.
Similarly, only the most negative of several adjacent easterly extrema without a westerly
interruption is chosen as the QBO easterly amplitude (Ag). Following the above steps, only
westerly and easterly peaks are kept and the other extrema are not stored. The time axes of
those peaks are saved for calculation of the QBO period for each QBO cycle. The QBO
amplitude is estimated as 1/2(4,, — Ag) in a complete QBO cycle, constructing a nonuniform
discrete series. The second method of quantifying the QBO amplitude used here is to multiply

the 8-year running standard deviation of the smoothed monthly QBO index by v2 (Kawatani
& Hamilton, 2013), constructing a continuous month-by-month series (v2¢).

The cycle period of the QBO is the difference in the time axis between two neighboring
QBO westerly (or easterly) peaks. The dominant QBO period can also be extracted from a
spectral analysis on the QBO index.

To reveal the HT relationship in different simulations, the QBO index at 30 hPa is
deseasonalized. The westerly QBO winter is selected if the winter-mean (December—February)
QBO index exceeds 5 m s for each model, and the easterly QBO winter is selected if the
winter-mean QBO index falls below —5 m s™. The sensitivity of the composite HT pattern to a
smaller threshold has been tested (Rao et al., 2020a, 2020b), but the composite pattern is nearly
unchanged. The ERA-Interim reanalysis (Dee et al., 2011) is used as a baseline when we assess
the surface response to QBO in the present-day climate system from historical runs by
CMIP5/6 models.

3. An enhanced Holton-Tan relationship in the future

One of the most noticeable impacts of the QBO is on the stratospheric polar vortex (as
discussed in the introduction). Two metrics are used to quantify the stratospheric polar vortex:
the polar cap temperature in the Arctic stratosphere (70-90°N, 100-10 hPa) and the
circumpolar zonal wind in the stratosphere (55-75°N, 70-5 hPa). These metrics are evaluated
in the long historical runs, the moderate future warming scenario simulations, and the strong
future warming scenario simulations from twenty models in CMIP5/6. The composite
differences for the two metrics between easterly and westerly QBO winters are shown in Figure
1 for historical (gray), RCP45/SSP245 (dark blue), and RCP85/SSP585 (light blue) simulations.
The composite difference in the QBO winds decreases in the future scenario simulations
relative to the historical simulation for most models (Figure 1a), implying a decreasing trend
in the QBO amplitude in agreement with previous work (Kawatani & Hamilton, 2013; Butchart
et al., 2020; Richter et al., 2020a). Compared with the westerly QBO, the Arctic stratosphere
is anomalously warm (Figure 1b) and the polar night jet decelerates (Figure 1c) in the easterly
QBO winters in historical simulations for most models (Rao et al. (2020a) discusses the HT
relationship in the historical simulations in detail). The HT relationship can be simulated by 17
models, and the multimodel ensemble mean (MME) is also shown (excluding CESM1-
WACCM, due to QBO nudging in this model). The key point is that the polar vortex response
to the QBO in the future projections (especially in the RCP85/SSP585 scenarios) will be
enhanced in nearly all models as compared to the historical simulation. While the HT
relationship will not hold for either of the future scenarios in three models (MIROC-ESM,
CESM2-WACCM, CNRM-CM6-1), the MME indicates that the extratropical stratospheric
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response to the QBO will be significantly enhanced in both future scenarios, and the
enhancement of the HT relationship in RCP85/SSP585 is larger than in RCP45/SSP245.

The composite latitude-pressure cross section of the zonal-mean zonal wind difference
between the easterly and westerly QBO winters (December—February) is shown in Figure 2 for
the MME (excluding CESM1-WACCM) and ERA-Interim. The composite QBO structure in
the tropical stratosphere is nearly unchanged from the historical to future simulations, but the
QBO central anomaly at 30 hPa weakens (Figures 2e, 2f). However, the extratropical wind
anomalies in the future simulations are larger and more significant than in the historical
simulations. It can be concluded that the enhanced HT relationship in the future is not attributed
to the change in the QBO amplitude, and changes in the extratropical dynamics in a warming
climate system are probably responsible for this enhanced HT relationship, left for future study.
For example, the climatological subtropical tropospheric jet is projected to be stronger than the
present-day one (purple contours in Figure 2), although the jet center does not shift.

The large MME composite from the three scenarios allows us to reject the possibility that
the apparent changes in the HT relationship are merely due to long-term natural variability in
the climate system, unlike the single-model study of Naoe and Shibata (2012). In addition,
Naoe and Shibata (2012) found the maximum HT effect shifts to the early spring in the future
in a single model, whereas the projected HT relationship in the CMIP5/6 MMEs is enhanced
in both the moderate- and high-emissions future scenarios, and the maximum HT effect still
appears in the winter season (not shown).

4. Projected strengthening of the extratropical surface response to the QBO

Does the strengthened HT relationship lead to a strengthened surface response t00? Rao
et al. (2020a, 2020b) showed that the surface impacts of the QBO associated with the HT effect
is generally captured in the historical simulation in models that simulate the stratospheric
response. Composite MSLP differences between the easterly and westerly QBO winters from
multimodel ensemble (MME) of CMIP5/6 models (excluding CESM1-WACCM) and a
representative model are shown in Figure 3 for the North Atlantic-Europe region (shadings,
units: Pa). The HT effect can descend to the troposphere, especially in the North Atlantic region,
so the HT relationship has implications for the seasonal prediction of North Atlantic-Europe
climate (Marshall & Scaife, 2009; Garfinkel et al., 2018; Rao et al., 2020a, 2020Db). In both
maodels and the reanalysis, the negative North Atlantic Oscillation (NAO) tends to develop
during strong easterly QBO, due to the downward impact of the associated weak stratospheric
polar vortex. Specifically, a high mean sea level pressure (MSLP) anomaly center is modelled
in the Arctic Ocean and North Greenland by the MME of historical runs (Figure 3a). As an
example of the CMIP5/6 models with a decent HT relationship (Figure 1), the UKESM1-0-LL
model also simulates a high center at high latitudes in the Atlantic sector (Figure 3d).
Contrastingly, a low MSLP anomaly band develops at midlatitudes (Figures 3a, 3d). Although
the QBO amplitude is projected to weaken in the future (see the supporting information file),
the HT effect in the troposphere is projected to become stronger, especially in the
RCP85/SSP585 scenarios and also shift eastward (Figures 3b, 3e). The projected change in the
HT effect by UKESM1-0-LL largely resembles that by the MME (Figures 3c, 3f). Namely, the
polar vortex response to the QBO is much stronger in the RCP85/SSP585 future scenario than
the present day. Consistent with the much stronger projection of the circumpolar jet response
in the stratosphere by UKESM1-0-LL than by the MME, the MSLP response magnitude is
correspondingly much larger in UKESM1-0-LL than in the MME (cf. UKESM1-0-LL and
MME in Figure 3). More remarkably, both UKESM1-0-LL and the MME project that the near-
surface NAO-like but eastward-shifted response to QBO in the future will be more than twice

©2020 American Geophysical Union. All rights reserved.



of their present-day response (Figures 3a, 3b vs Figures 3d, 3e). This difference in the
magnitude of the surface response is statistically significant at the 90% confidence level
(Figures 3c, 3f).

5. QBO amplitude changes in historical and future simulations

Our discussion above indicated a weakening of the QBO itself, and we now confirm this
finding using a variety of metrics. We show the individual time series of the QBO index at 30
hPa in the moderate-emissions scenario simulations in Figure 4 for seven CMIP5 models and
13 CMIP6 models. The first model, CESM1-WACCM cannot simulate the QBO internally but
with the equatorial zonal winds nudging toward the observed QBO cycle, so the long-term
trend of the QBO amplitude is nearly zero for both westerly and easterly phases (Figure 4a). A
trend of the QBO amplitude is also undetectable in GEOSCCM and CNRM-ESM2-1 for both
phases (Figures 4c, 41). The positive regressed slopes of QBO westerly and easterly amplitudes
in CMCC-CMS and HadGEM2-CC might imply a change in the tropical climatology (i.e.,
zonal winds shift toward westerlies) rather than any change in the QBO amplitude (Figures 4b,
4d). However, this cannot be determined from the analysis here. Similarly, the negative slopes
of QBO westerly and easterly amplitudes in MIROC-ESM and BCC-CSM2-MR can be
explained by the climatological zonal wind shift toward easterlies (Figures 4f, 4h). For the
other 13 models, however, the QBO magnitude weakens unambiguously. The weakening of
the easterly phase is particularly pronounced for most models; that is, the trend of the QBO
westerlies is somewhat weaker than that of the QBO easterlies (Figures 4e, 49, 4i-4k, 4m, 4n,
4p—4s). In contrast, the weakening trend of the QBO westerly amplitude is more prominent
than that of the QBO easterly amplitude in only two CMIP6 models (4o, 4t).

Most models project a weakening QBO in the moderate-emission future scenario, with a
multi-model ensemble (excluding CESM1-WACCM with a QBO nudged rather than generated)
mean (MME) trends of -0.13/0.37 m/s per decade for westerly and easterly phases. However,
the long-term trend in the historical simulation is rather inconsistent (MME trends = -0.03/0.14
m/s per decade), and nine models (e.g., MIROC-ESM-CHEM, MIROC-ESM, MPI-ESM-MR,
CESM2-WACCM, CNRM-CM6-1, HadGEM3-GC31-LL, IPSL-CM6A-LR, MPI-ESM1-2-
HR, UKESM1-0-LL) project a prominent weakening of the QBO amplitude (< -0.1 m/s per
decade, Figure S3). In contrast, the weakening of the QBO from most models (excluding
CESM1-WACCM, CMCC-CMS, MPI-ESM1-2-HR) is projected to be much larger in
RCP85/SSP585 scenarios (Figure S4) with the MME trends of -0.17/0.69 m/s per decade.

The supplemental material also examines other metrics [e.g., Aw, Ag, 1/2(A4y, — Ag)] of
the QBO amplitude to demonstrate the robustness of the projected weakening of QBO
amplitude (Figures S5-S7).

The weakening amplitude of the QBO cycle in most models and the MME can be explained
by the increase in tropical upwelling accompanied with a strengthening Brewer-Dobson
circulation in response to more accumulated greenhouse gas concentration (Butchart et al.,
2006; Kawatani et al., 2011; Kawatani & Hamilton, 2013). Although Gabriel (2019) identified
that the QBO remains nearly unchanged in MPI-ESM-MR, we find that the QBO amplitude
weakens in this model (Fig. 4g). Latest studies provide more evidence that the QBO amplitude
will weaken in the high-emissions scenario and 4xCO2 simulations (Giorgetta, 2005; Butchart
etal., 2020; Richter et al., 2020a; 2020b), although our results further reveal that the QBO will
also weaken in the moderate-emissions scenario, and that the amplitude of the QBO easterlies
will weaken more than that of the westerlies. Therefore, the enhanced change in the HT effect
and the surface response is not due to the QBO itself strengthening. Instead, the QBO actually
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is projected to weaken. As for the projected change in the QBO cycle period, it is still debatable
in earlier studies (Watanabe et al., 2012; Kawatani & Hamilton, 2013; Schirber et al., 2015;
Richter et al., 2020a), but most models show that the QBO period will shorten (Figures S8—
S10).

6. Conclusions

Taking advantage of the rapid increase in state-of-the-art models which can spontaneously
simulate a QBO in the tropical stratosphere, here we project the long-term changes of the HT
relationship and the impact of the QBO on the surface in the North Atlantic—European region.
Most models project a significantly enhanced HT relationship in both the moderate- and high-
end future scenarios. The composite QBO central wind amplitude decreases from the historical
to the RCP45/SSP245, and then to the RCP85/SSP585 simulations in the MME, but the
extratropical stratospheric response gradually strengthens. Consistent with the stronger
stratospheric HT relationship in the future, the projected surface response by the
RCP85/SSP585 scenario in the North Atlantic-European region (i.e., the NAO) will double in
the future, implying that seasonal predictive skill for the North Atlantic and European region
based on the phase of the QBO will increase. Gabriel (2019) suggests that the extratropical
QBO signature changes towards the disappearance of the HT relationship based on one model,
but we use a larger model ensemble and find a strengthened HT relationship. The different
conclusions between Gabriel (2019) and this study might be caused by their different projected
background circulations, periods of interest, model numbers, and experiment setups.

To test if the enhanced HT relationship is related to the strengthening of the QBO

amplitude, different metrics [i.e., Ay, Az, 1/2(Ay, — Ag) and v/20] are adopted to extract the
QBO trends for each QBO-resolving CMIP5/6 model. Most QBO-resolving CMIP5/6 models
project a weakening trend for the QBO amplitude in the future scenario simulations [~-0.25
m/s and -0.5 m/s per decade in the two future scenarios; consistent with recent studies
(Kawatani & Hamilton, 2013; Butchart et al., 2020; Richter et al., 2020a)]. Building on these
previous studies, we show that the weakening trend of the QBO easterly peak is stronger than
that of the QBO westerly peak for most models, which might be mixed with the climatological
shift for the tropical wind towards westerlies. The seemingly contradictory projections of future
changes in the QBO and its impact might be attributed to the coherent changes in the
background circulation structure. However, the mechanism for the HT relationship in the
present climate is highly uncertain with at least four different possibilities in the literature
(Garfinkel et al., 2012; Watson & Gray, 2014; White et al., 2015; Rao et al., 2019), and hence
a discussion of how these mechanisms will change under climate change is left for a future
investigation. These results demonstrate that a linear viewpoint for the projected changes in the
QBO and the extratropical response might be invalid, because our results have shown a weaker
QBO but a stronger HT relationship in the future.

Acknowledgments

JR was funded by the National Key R&D Program of China (2016YFA0602104) and the
National Natural Science Foundation of China (41705024). CIG, IW, and JR are also funded
by the ISF-NSFC joint research program (3259/19) and the European Research Council starting
grant under the European Union’s Horizon 2020 research and innovation programme (677756).
All data used in this study are publicly available. The CMIP5/6 simulations are available
through the ESGF (https://esgf-node.linl.gov/projects/esgf-1inl/). Those QBO-resolving
CMIP5/6 models are developed by different agencies from different countries, listed in Table
Sl

©2020 American Geophysical Union. All rights reserved.



References

Andrews, M. B., Knight, J. R., Scaife, A. A, Lu, Y., Wu, T., Gray, L. J., & Schenzinger, V.
(2019). Observed and simulated teleconnections between the stratospheric quasi-biennial
oscillation and Northern Hemisphere winter atmospheric circulation. Journal of
Geophysical Research: Atmospheres, 124(3), 1219-1232.
https://doi.org/10.1029/2018jd029368

Anstey, J. A., & Shepherd, T. G. (2014). High-latitude influence of the quasi-biennial
oscillation. Quarterly Journal of the Royal Meteorological Society, 140(678), 1-21.
https://doi.org/10.1002/qj.2132

Anstey, J. A., Shepherd, T. G., & Scinocca, J. F. (2010). Influence of the Quasi-Biennial

Oscillation on the extratropical winter stratosphere in an atmospheric general
circulation model and in reanalysis data. Journal of the Atmospheric Sciences, 67(5),
1402-1419. https://doi.org/10.1175/2009jas3292.1

Baldwin, M. P., & Dunkerton, T. J. (2001). Stratospheric harbingers of anomalous weather
regimes. Science, 294(5542), 5815-84. https://doi.org/10.1126/science.1063315

Bushell, A. C., Anstey, J. A., Butchart, N., Kawatani, Y., Osprey, S. M., Richter, J. H., . ..
Yukimoto, S. (2020). Evaluation of the Quasi-Biennial Oscillation in global climate
models for the SPARC QBO-initiative. Quarterly Journal of the Royal Meteorological
Society. https://doi.org/10.1002/qj.3765

Butchart, N., Scaife, A. A., Bourqui, M., de Grandpre, J., Hare, S. H. E., Kettleborough, J., . ..
Sigmond, M. (2006). Simulations of anthropogenic change in the strength of the Brewer-
Dobson circulation. Climate Dynamics, 27(7-8), 727-741.
https://doi.org/10.1007/s00382-006-0162-4

Butchart, N., Anstey, J. A., Kawatani, Y., Osprey, S., Richter, J. H., & Wu, T. (2020). QBO

changes in CMIP6 climate projections. Geophysical Research Letters, 47,
€2019GL086903. https://doi.org/10.1029/2019GL 086903
Christiansen, B. (2010). Stratospheric bimodality: Can the equatorial QBO explain the regime
behavior of the NH winter vortex? Journal of Climate, 23(14), 3953-3966.
https://doi.org/10.1175/2010jcli3495.1
Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli, P., Kobayashi, S., . .. Vitart, F.
(2011). The ERA-Interim reanalysis: configuration and performance of the data
assimilation system. Quarterly Journal of the Royal Meteorological Society, 137(656),
553-597. https://doi.org/10.1002/qj.828
Eyring, V., Bony, S., Meehl, G. A., Senior, C. A., Stevens, B., Stouffer, R. J., & Taylor, K. E.
(2016). Overview of the Coupled Model Intercomparison Project Phase 6 (CMIP6)
experimental design and organization. Geoscientific Model Development, 9(5), 1937—
1958. https://doi.org/10.5194/gmd-9-1937-2016

Gabriel, A. (2019). Long-term changes in the northern midwinter middle atmosphere in relation
to the quasi-biennial oscillation. Journal of Geophysical Research: Atmospheres,
124(24), 13914-13942. https://doi.org/10.1029/2019jd030679

Garfinkel, C. 1., & Hartmann, D. L. (2011a). The Influence of the quasi-biennial oscillation on
the troposphere in winter in a hierarchy of models. Part I: simplified dry GCMs. Journal
of the Atmospheric Sciences, 68(6), 1273-1289. https://doi.org/10.1175/2011jas3665.1

Garfinkel, C. 1., & Hartmann, D. L. (2011Db). The Influence of the quasi-biennial oscillation on
the troposphere in winter in a hierarchy of models. Part 11: perpetual winter WACCM runs.
Journal of the Atmospheric Sciences, 68(9), 2026-2041.
https://doi.org/10.1175/2011jas3702.1

Garfinkel, C. 1., Shaw, T. A., Hartmann, D. L., & Waugh, D. W. (2012). Does the Holton-Tan

mechanism explain how the quasi-biennial oscillation modulates the Arctic polar vortex?
Journal of the Atmospheric Sciences, 69(5), 1713-1733. https://doi.org/10.1175/jas-d-

©2020 American Geophysical Union. All rights reserved.


https://doi.org/10.1029/2018jd029368
https://doi.org/10.1002/qj.2132
https://doi.org/10.1175/2009jas3292.1
https://doi.org/10.1126/science.1063315
https://doi.org/10.1002/qj.3765
https://doi.org/10.1007/s00382-006-0162-4
https://doi.org/10.1029/2019GL086903
https://doi.org/10.1175/2010jcli3495.1
https://doi.org/10.1002/qj.828
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.1029/2019jd030679
https://doi.org/10.1175/2011jas3665.1
https://doi.org/10.1175/2011jas3702.1
https://doi.org/10.1175/jas-d-11-0209.1

11-0209.1
Garfinkel, C. I., Schwartz, C., Domeisen, D. I. V., Son, S.-W., Butler, A. H., & White, I. P.
(2018). Extratropical atmospheric predictability from the quasi-biennial oscillation in
subseasonal forecast models. Journal of Geophysical Research: Atmospheres, 123,
7855-7866. https://doi.org/10.1029/2018jd028724
Gidden, M. J., Riahi, K., Smith, S. J., Fujimori, S., Luderer, G., Kriegler, E., . . . Takahashi, K.
(2019). Global emissions pathways under different socioeconomic scenarios for use in
CMIPG6: a dataset of harmonized emissions trajectories through the end of the century.
Geoscientific Model Development, 12(4), 1443-1475. https://doi.org/10.5194/gmd-12-
1443-2019
Giorgetta, M. A. (2005). Sensitivity of the quasi-biennial oscillation to CO2doubling.
Geophysical Research Letters, 32(8), L08701. https://doi.org/10.1029/200491021971
Gray, L. J., Drysdale, E. F., Lawrence, B. N., & Dunkerton, T. J. (2001). Model studies of the
interannual variability of the northern-hemisphere stratospheric winter circulation: The
role of the quasi-biennial oscillation. Quarterly Journal of the Royal Meteorological
Society, 127(574), 1413-1432. https://doi.org/10.1002/qj.49712757416
Holton, J. R., & Tan, H. C. (1980). The Influence of the equatorial quasi-biennial oscillation
on the global circulation at 50 mb. Journal of the Atmospheric Sciences, 37(10), 2200—
2208. https://doi.org/10.1175/1520-0469(1980)037<2200:tioteq>2.0.co;2
Kawatani, Y., & Hamilton, K. (2013). Weakened stratospheric quasibiennial oscillation driven
by - increased tropical mean upwelling. Nature, 497(7450), 478-481.
https://doi.org/10.1038/nature12140
Kawatani, Y., Hamilton, K., & Watanabe, S. (2011). The quasi-biennial oscillation in a double
CO, climate. Journal of the Atmospheric Sciences, 68(2), 265-283.
https://doi.org/10.1175/2010jas3623.1
Lu, H., Baldwin, M. P., Gray, L. J., & Jarvis, M. J. (2008). Decadal-scale changes in the effect
of the QBO on the northern stratospheric polar vortex. Journal of Geophysical Research,
113(D10), D10114. https://doi.org/10.1029/2007jd009647
Marshall, A. G., & Scaife, A. A. (2009). Impact of the QBO on surface winter climate. Journal
of Geophysical Research, 114(D18), D18110. https://doi.org/10.1029/2009jd011737
Marsh, D. R., Mills, M. J., Kinnison, D. E., Lamarque, J. F., Calvo, N., & Polvani, L. M. (2013).
Climate change from 1850 to 2005 simulated in CESM1(WACCM). Journal of Climate,
26(19), 7372-7391. https://doi.org/10.1175/icli-d-12-00558.1
Morss, R. E., Lazo, J. K., Brown, B. G., Brooks, H. E., Ganderton, P. T., & Mills, B. N. (2008).
Societal and economic research and applications for weather forecasts: Priorities for the
North American THORPEX program. Bulletin of the American Meteorological Society,
89(3), 335-346. https://doi.org/10.1175/bams-89-3-335
Naoe, H., & Shibata, K. (2012). Future changes in the influence of the quasi-biennial oscillation
on the northern polar vortex simulated with an MRI chemistry climate model. Journal of
Geophysical Research-Atmospheres, 117(D3), D03102.
https://doi.org/10.1029/2011jd016255
O’Neill, B. C., Tebaldi, C., van Vuuren, D. P., Eyring, V., Friedlingstein, P., Hurtt, G, . . .
Sanderson, B. M. (2016). The Scenario Model Intercomparison Project (ScenarioMIP)
for CMIP6.  Geoscientific ~ Model  Development,  9(9), 3461-3482.
https://doi.org/10.5194/gmd-9-3461-2016
Rao, J., Yu, Y., Guo, D., Shi, C., Chen, D. & Hu, D. (2019). Evaluating the Brewer—Dobson
circulation and its Responses to ENSO, QBO, and the solar cycle in different reanalyses.
Earth and Planetary Physics, 3(2), 166-181. https://doi.org/10.26464/epp2019012
Rao, J., Garfinkel, C. I. & White, I. P. (2020a). Impact of quasi-biennial oscillation on the
northern winter stratospheric polar vortex in CMIP5/6 models. Journal of Climate, 33(11),

©2020 American Geophysical Union. All rights reserved.


https://doi.org/10.1175/jas-d-11-0209.1
https://doi.org/10.1029/2018jd028724
https://doi.org/10.5194/gmd-12-1443-2019
https://doi.org/10.5194/gmd-12-1443-2019
https://doi.org/10.1029/2004gl021971
https://doi.org/10.1002/qj.49712757416
https://doi.org/10.1175/1520-0469(1980)037%3c2200:tioteq%3e2.0.co;2
https://doi.org/10.1038/nature12140
https://doi.org/10.1175/2010jas3623.1
https://doi.org/10.1029/2007jd009647
https://doi.org/10.1029/2009jd011737
https://doi.org/10.1175/icli-d-12-00558.1
https://doi.org/10.1175/bams-89-3-335
https://doi.org/10.1029/2011jd016255
https://doi.org/10.5194/gmd-9-3461-2016
https://doi.org/10.26464/epp2019012

4787-4813. https://doi.org/10.1175/jcli-d-19-0663.1

Rao, J., Garfinkel, C. 1., & White, 1. P. (2020b). How does the quasi-biennial oscillation affect
the boreal winter tropospheric circulation in CMIP5/6 models? Journal of Climate, 1-50
(in press). https://doi.org/10.1175/jcli-d-20-0024.1

Rayner, S., Lach, D. & Ingram, H. (2005). Weather forecasts are for wimps: Why water
resource managers do not use climate forecasts. Climatic Change, 69(2-3), 197-227,
https://doi.org/10.1007/s10584-005-3148-z

Richter, J. H., Butchart, N., Kawatani, Y., Bushell, A. C., Holt, L., Serva, F., . .. Yukimoto, S.
(2020a). Response of the quasi-biennial oscillation to a warming climate in global climate
models. Quarterly Journal of the Royal Meteorological Society, 1-29 (in press).
https://doi.org/10.1002/qj.3749

Richter, J. H., Anstey, J. A., Butchart, N., Kawatani, Y., Meehl, G. A., Osprey, S., & Simpson,
I. R. (2020b). Progress in simulating the quasi-biennial oscillation in CMIP models.
Journal of Geophysical Research: Atmospheres, 125(8), €2019JD032362.
https://doi.org/10.1029/2019jd032362

Ruzmaikin, A., Feynman, J., Jiang, X., & Yung, Y. L. (2005). Extratropical signature of the
quasi-biennial oscillation. Journal of Geophysical Research, 110(D11), D11111.
https://doi.org/10.1029/2004jd005382

Schirber, S., Manzini, E., Krismer, T., & Giorgetta, M. (2015). The quasi-biennial oscillation

in a warmer climate: sensitivity to different gravity wave parameterizations. Climate
Dynamics, 45(3-4), 825-836. https://doi.org/10.1007/s00382-014-2314-2

Taylor, K. E., Stouffer, R. J., & Meehl, G. A. (2012). An overview of CMIP5 and the
experiment design. Bulletin of the American meteorological Society, 93(4), 485-498.
https://doi.org/10.1175/bams-d-11-00094.1

Vitart, F., Ardilouze, C., Bonet, A., Brookshaw, A., Chen, M., Codorean, C., . . . Zhang, L.
(2017). The Subseasonal to Seasonal (S2s) Prediction Project Database. Bulletin of the
American Meteorological Society, 98(1), 163-173. https://doi.org/10.1175/bams-d-16-
0017.1

Watson, P. A. G., & Gray, L. J. (2014). How Does the Quasi-Biennial Oscillation Affect the
Stratospheric Polar Vortex? Journal of the Atmospheric Sciences, 71(1), 391-409.
https://doi.org/10.1175/jas-d-13-096.1

White, 1. P., Lu, H., Mitchell, N. J., & Phillips, T. (2015). Dynamical response to the QBO in
the northern winter stratosphere: Signatures in wave forcing and eddy fluxes of potential
vorticity.  Journal of the  Atmospheric  Sciences, 72(12), 4487-4507.
https://doi.org/10.1175/jas-d-14-0358.1

Watanabe, S., & Kawatani, Y. (2012). Sensitivity of the QBO to mean tropical upwelling under
a changing climate simulated with an earth system model. Journal of the Meteorological
Society of Japan, 90A(SI), 351-360. https://doi.org/10.2151/jmsj.2012-A20

©2020 American Geophysical Union. All rights reserved.


https://doi.org/10.1175/jcli-d-19-0663.1
https://doi.org/10.1175/jcli-d-20-0024.1
https://doi.org/10.1007/s10584-005-3148-z
https://doi.org/10.1002/qj.3749
https://doi.org/10.1029/2019jd032362
https://doi.org/10.1029/2004jd005382
https://doi.org/10.1007/s00382-014-2314-2
https://doi.org/10.1175/bams-d-11-00094.1
https://doi.org/10.1175/bams-d-16-0017.1
https://doi.org/10.1175/bams-d-16-0017.1
https://doi.org/10.1175/jas-d-13-096.1
https://doi.org/10.1175/jas-d-14-0358.1
https://doi.org/10.2151/jmsj.2012-A20

(a) QBO (E-W)

0-
10 I
204

3087 TR T T T T — T

QBOss sn/30npa (M/S)

[T]pole/1 00-10hPa (OC)

s I L O ™ 1O I e O
S N
(1 P L AT Antndd

[Ulss-7sn70-5npa (M/S)
v o
|
n
%
%
||
*
t:_
n
| |
_—
-
-
x+

Model

HISTORICAL EEN RCP45/SSP245 RCP85/SSP585
Figure 1. Changes in the composite QBO amplitude and the stratospheric polar vortex response
in the historical and future simulations for CMIP5 and CMIP6 models. (a) Composite
equatorial zonal wind difference at 30 hPa between the easterly and westerly QBO winters. (b)
Composite difference in the polar cap temperature (70-90°N, 100-10 hPa) between the easterly
and westerly QBO winters. (c) Composite difference in the circumpolar zonal wind (55-75°N,
70-5 hPa) between the easterly and westerly QBO winters. The gray bar shows the composite
for the historical simulation, the dark blue bar shows the composite for the moderate future
emissions scenario (RCP45/SSP245), and the light blue bar shows the composite for the strong
future emissions scenario (RCP85/SSP585). The pentagram marks the composite difference at
the 95% confidence level (0<0.05). The horizontal dashed line shows the composite from ERA-
Interim.
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Figure 2. Changes in the Holton-Tan (HT) relationship from historical simulations to future
simulations. (a) Composite latitude-pressure cross-sections of the zonal-mean zonal wind
differences (contours, units: m/s; contour interval: 5 inside the gray box and 0.5 outside)
between the easterly and westerly QBO winters in the historical simulations. (b, c) As in (a)
but in the moderate-emissions scenario (moderate future warming) and high-emissions
scenario (strong future warming) simulations. (d) As in (a) but for the composite from ERA-
Interim. The purple contours (>25 m/s, interval: 5) show the climatological subtropical
tropospheric westerly jet, and the green asterisks mark the tropospheric jet maximum center at
each pressure level from 1000-100 hPa. (e, f) Changes in the zonal-mean zonal wind responses
(contour interval: 1.0 inside the gray box and 0.5 outside) to the QBO from the historical
simulations to the future scenario simulation. Only the multiple model ensemble means (MMES)
are shown. The zero contours are skipped for clarity. The light and dark shadings denote the
difference value at the 90 and 95% confidence levels.
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Figure 3. Composite mean sea level pressure (MSLP) differences in the North Atlantic-Europe
region (shadings, units: Pa) between the easterly and westerly QBO winters. (a, d) the historical
simulations; (b, e) high-emission scenario (strong future warming) simulations; (c, f) Changes
in the MSLP response from the historical simulations to high-emission scenario simulations.
Both the MME (a—c) and a representative model (i.e., UKESM1-0-LL) (d—f) are shown. The
hatched regions mark the MSLP difference value at the 90% confidence level. The contours in
(a) show the composite from ERA-Interim as a reference in the present-day climate system.

Copyright © 2020 John Wiley & Sons, Ltd.



40 J(a) CESM1-WACCM 0.08 m/s/dec (0=0.66) 40 J(k) CNRM-CM6-1-HR ~0.03 m/s/dec (0=0.74)
Q 20_: 2 0% %004 PN feo, o o0 o M o 20—:
E AMMTIAM A AATARRRAAKA A LAARAAAL AR ATl € o Irwtimisictist ittt b iy
N W MW WWU WWU WWW w WW & II‘U‘N‘Il'l’llll‘lll‘l'ul'lll‘l’l‘l‘l'l'l!l‘l"l'Wu‘Nl'ﬂ'llll'l‘l'l'ml‘l'uml'l'i'lumlu'ml
= 204 = -20
ay ° L A .04 m/s/dec (0£0.84) * ] 0.42 m/s/dec (0=0.00)
-40 {(b) CMCC-CMS 0.44 m/s/dec (=0.05) -40 () CNRM-ESM2-1 ~0.08 m/s/dec (a=0.32)
= 20 @ ]
E 0 I'n qngm ’n'm mummmmwim'mmmmmmmmﬂ'!lﬂm E ] mmmmmlul T num.mnl.v.u.n.n‘mnmm‘
£ i HAHH £ WIHHI T T
= -20 7 = ]
] 0.28 m/s/dec (a=0.16) ] 0.09 m/s/dec (0=0.25)
-40 I(C) GEOSCCM 0.04 m/s/dec (0=0.83) -40 :(m) EC-Earth3 -0.11 m/s/dec (0.=0.35)
7 207 e a1 7 207
Eo = ihﬂﬂﬂﬂﬂﬂﬂﬂ i MMMMM E o Jtimm ‘ it l“lll !W .m”‘.“.".’. ,
S Ll L i ILELIANRRURAALY I LR
0 ] 0.00 m/s/dec (0=0.99) 40 ] 0.34 m/s/dec (0=0.01)
] (d) HadGEM2-CC 0.28 m/s/dec (0=0.05) E (n) EC-EarthS-Veg -0.23 m/s/dec (0=0.10)
- 204 - 20
E ] vﬁ'MMMMSIﬂVnMnﬂMxﬂﬂﬂﬂMMMxﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ E ] RV R e T
> 204 > 2o—f
_40?- 0.47 m/s/dec (a=0.00) 40 ] 0.25 m/s/dec (a=0.06)
E (e) MlROC_ESM_CH EM -0.08 m/s/dec («=0.48) E (o) HadGEM3_GCS1 _LL -0.61 m/s/dec (=0.00)
@ 207 P S S SRS Ran 9o @ 20
E o Byﬂumum\lmMLJMUHMVMUDMMVMMMMM\!M E M I IRy, )
2 R Y
40 ] 0.41 m/s/dec (=0.03) 40 ] 0.52 m/s/dec (0:=0.01)
] (f) MIROC-ESM -0.23 m/s/dec (a=0.05) E (p) IPSL-CMBA-LR -0.32 m/s/dec (a=0.26)
= 20 v 20
E L dls AT i £ o3 A A AT A
2 SOOI & OOy ey
.40 i -0.06 m/s/dec (0=0.65) 40 E 1.21 m/s/dec (0=0.00)
j(g) MPI-ESM-MR -0.31 m/s/dec (a=0.17) :(q) MIROC6 -0.21 m/s/dec (=0.19)
& 20 @ 204
E 0 ﬁ ﬂ ﬁﬁ ﬂl A E 0 3 2 AT
2 YTy B W
20 ] 0.36 m/s/dec (0:=0.08) 40 ] 0.33 m/s/dec (0=0.01)
E(h) BCC-CSM2-MR -0.15 m/s/dec (a=0.32) E (I‘) MPI-ESM1-2-HR -0.00 m/s/dec (a=1.00)
% 204 & 20 2 24
E o AR ARR AR A A € o4 ’\»MN\MMMMMM/\MMWMWW\
& O VT TNV OTTY  g ijl—l—wl—!——”’—JfH/—HWJ“
=2 .20 =2 .20
-0.05 m/s/dec (0=0.78) ] 0.70 m/s/dec (0=0.06)
-40 Z(i) CESM2-WACCM 0.05 m/s/dec (0=0.68) -40 {(s) MRI-ESM2-0 ~0.11 m/s/dec (c.=0.06)
= 20 % 20 . PP .
€ 0 il nm.mmimlmlnm.nmmmmnmmmqmwllmmplnlw., E 0 ] ﬂ ﬂ M ﬂ ﬂ n ﬂﬂ “ ﬂ ﬂ ﬂ n ﬂ M ﬂ M ﬂ M ﬂ ﬂ M M ﬂ
2 VO R O e u UW U\I v W W \[ UV W U W U WU WWV M
= -20 9 = -204 1l 15y 1 { (i
40 ] 0.64 m/s/dec (=0.00) 40 ] 0.29 m/s/dec (0=0.01)
; (l) CNRM_CM6_1 -0.14 m/s/dec (0=0.00) E (t) UKESM1 _0_|_|_ -0.59 m/s/dec (=0.01)
% 20 - 20
% 0_: PYY SN . PY) Eo 0 ] h h A D. m
. S U ik
= -20 = -20 1
73— e T G N I — O e (00,13 e
2020 2030 2040 2050 2060 2070 2080 2090 2100 2020 2030 2040 2050 2060 2070 2080 2090 2100
Model time (year) Model time (year)

Figure 4. Long-term trend of the QBO westerly and easterly amplitudes at 30 hPa in the
moderate future emissions scenario. (a—g) RCP45 for CMIP5 models; (h—t) SSP245 for CMIP6
models. The black curve is the QBO index denoted by the zonal-mean zonal wind in the equator
(5°S-5°N) at 30 hPa. The red (blue) line is the linear trend of the QBO westerly (easterly)
amplitudes with its value and significance level (a)) printed for each model using the same color.
A positive trend denotes an increase in the QBO westerlies and a decrease in the easterlies, and
a negative trend denotes a decrease in the QBO westerlies and an increase in the easterlies.
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