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Abstract.

We describe the protocol for coordinated experiments in phase-2 of the Quasi-Biennial Oscillation initiative (QBO1) and the
participating models. The experiments involve nudging tropical stratospheric zonal-mean zonal winds in the models toward
observations, enabling analysis of the impact of QBO biases on simulated teleconnections. Additionally, nudging the tropical
winds allows investigation of the origins of QBO biases by examining the behaviour of resolved and parameterized equatorial
waves under realistic equatorial wind shear conditions. We document here the scientific rationale and design of the nudging
experiments, summarize the QBOi data request, and provide an overview of participating models. An initial evaluation is given
of tropical stratospheric winds simulated by the multi-model ensemble for both nudged and free-running cases, and the overall

impact of nudging on climatological aspects of the atmospheric circulation is examined.
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1 Introduction

The ability of climate models to simulate the quasi-biennial oscillation (QBO) of tropical stratospheric winds has long been
viewed as a potential additional source of predictive skill on subseasonal to decadal timescales (Baldwin et al., 2001; Hoskins,
2013; Butchart, 2022; Scaife et al., 2022). Accurate simulation of the QBO has proved challenging (e.g., Schenzinger et al.,
2017) due primarily to the QBO’s strong sensitivity to model horizontal and vertical resolutions, and the parameterization of
physical processes such as deep convection and non-orographic gravity wave drag. Consequently, simulated QBOs often have
large biases. Without a reduction in these biases improvements in the predictive skill resulting from QBO teleconnections may
not be possible. Likewise, QBO impacts on transport, important in chemistry-climate model simulations, may not be accurately
simulated in models with large QBO biases. To address challenges in modelling the QBO the Atmospheric Processes And their
Role in Climate (APARC)! Quasi-Biennial Oscillation initiative (QBOi) was proposed (Anstey et al., 2022a).

For the fifth phase of the Coupled Model Intercomparison Project (CMIP5), only a few of the participating models could
simulate the QBO, even among those that were stratosphere-resolving with relatively high upper boundaries at 1 hPa or above
(Butchart et al., 2018). As the number of models capable of simulating QBO-like oscillations increased, the possibility of a
multi-model comparison to better understand the causes of model biases and inter-model differences in simulating the QBO
emerged. Hence phase-1 of QBOi was launched in 2015 with community agreement on the design of a set of five coordinated
experiments (Hamilton et al., 2015) to be performed by Atmospheric General Circulation Models (AGCMs) using identical
prescribed sea surface temperatures (SSTs), sea ice (SI) and other external forcings. These included idealized present-day
and future experiments, and a set of hindcasts to assess QBO predictability (Butchart et al., 2018). An extension of phase-1
examined the impact of idealized El Nifio and La Nifa tropical SST conditions on the QBO (Kawatani et al., 2025) and on
interactions between the El Nifio-Southern Oscillation (ENSO) teleconnections and QBO teleconnections (Naoe et al., 2025),
and between the QBO and the Madden-Julian Oscillation (MJO, Elsbury et al., 2025).

A key finding from QBOi phase-1 was that the multi-model ensemble of simulated QBOs tended to show similar biases,
including underestimated amplitude at the lower altitudes of the QBO around 50 hPa (~ 21 km), particularly in the strength
of the easterly QBO phase (Bushell et al., 2022). Model shortcomings in predicting QBO evolution from initial conditions
(Stockdale et al., 2022) and in simulating QBO teleconnections (Anstey et al., 2022b) are likely related to these common biases.
Meanwhile, complementary analysis of CMIP6 simulations showed that while many more participating models could simulate
a QBO compared to CMIP5, the QBO biases in CMIP6 models had, on average, not improved compared to phase-1 QBOi
models or QBO-resolving models from CMIP5 (Richter et al., 2020). Therefore, despite general progress in climate model
development including increased spatial resolution and better resolved stratospheres, and with more QBO-resolving models in
CMIP6 than previous CMIP phases, there is still work to do on improving the fidelity of QBO simulations. Uncertainty remains
over the vertical resolution required in the tropical lower stratosphere to represent the propagation and damping of resolved

waves and how the spectrum of these tropical waves depends on horizontal resolution and parameterized deep convection. The

Uhttps://www.aparc-climate.org/, previously the Stratosphere-troposphere Processes and their Role in Climate (SPARC) a core project of the World Climate

Reaserch Programme.
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essential ingredients needed for non-orographic gravity wave drag parameterizations to accurately represent mean-flow driving
by unresolved small-scale tropical waves also remains uncertain. Progress in simulating the QBO is likely to follow from a
better understanding of these modeling uncertainties, and improved observational constraints to inform modeling choices (e.g.,
Bramberger et al., 2023; Lott et al., 2024).

Phase-2 of QBOi is designed to assess how common QBO biases are impacting on the QBO’s wave-driving and its tele-
connections across a multi-model ensemble. The underlying methodology is to bias-correct the simulated QBO by nudging or
relaxing a model’s zonal winds in the tropical stratosphere toward reanalysis winds in the same region. To avoid any spurious
damping (or exciting) of waves that contribute to the QBO’s evolution or its teleconnections to other parts of the atmosphere,
only the zonal-mean component of the winds is nudged, provided this is possible within a model’s configuration. The impact
of QBO biases is investigated through comparison with results from simulations that are identical apart from the absence of the
nudging (these simulations then typically have internally generated QBOs), and also with results from a third experiment in
which the tropical stratosphere is nudged toward the reanalysis climatology instead of the evolving winds (i.e., the reanalysis
QBO). Conceptually the zonal-mean nudging technique used in QBOi phase-2 is similar to that used in the Stratospheric Net-
work for the Assessment of Predictability (SNAP) Stratospheric Nudging And Predictable Surface Impacts (SNAPSI) project
for investigating the role of stratospheric polar vortex disturbances in subseasonal to seasonal forecasts (Hitchcock et al., 2022).

The purpose of this paper is to provide an overview of the protocol for the phase-2 experiments including brief motivation
for the design choices (Section 2 and Appendices). Common diagnostic output is requested (Section 3) to facilitate the analysis
and model comparison. Twelve models are participating in QBOi phase-2 (Section 4). For the nudging protocol to be effective
in each of these models it is confirmed in Section 4.2 that in the tropical stratosphere the expected QBO-bias correction of the
zonal-mean zonal winds is achieved while in the extra-tropics the nudging has no significant direct or undesired impact on the

model’s climate (background state). Concluding remarks are presented in Section 5.

2 Experiments

This section provides an overview and scientific rationale for the design of the nudging experiments. Full details of the experi-
mental protocol are provided in Appendices A and B.

The experiments used in QBOi phase-2 are based on the AGCM Experiment 1 (Expl) used in QBOi phase 1 (Butchart
et al., 2018), which in turn was based on the CMIP5 experiment 3.3, alternatively referred to as the “Atmospheric Model
Intercomparison Project (AMIP)” experiment (Taylor et al., 2012). In this experiment observed monthly varying SSTs and
SI amounts were prescribed for 1 January 1979 to 28 February 2009, as well as contemporaneous external forcings (Butchart
et al., 2018). For QBOi phase-2, SSTs, SI and other external forcings are updated to CMIP6 specifications (Eyring et al., 2016),
where appropriate, and the experiments extended to 31 December 2020 using extensions of the CMIP6 SSTs and SI timeseries
made available by the Program for Climate Model Diagnosis and Intercomparison (PCMDI) (Appendix B). The updated Exp1
enables the QBOs in the model versions used in phase 2 to be evaluated and provides the control against which the impacts of

the nudging in two additional experiments (Exp1-ObsQBO and Exp1-NoQBO) can be measured.
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Table 1. Summary of QBOi phase-2 nudging experiments. The recommended target state is monthly and zonal-mean zonal wind & derived
from ERAS reanalysis data produced by the European Centre for Medium-Range Weather Forecasts (Hersbach et al., 2020). The region of
the tropical stratosphere over which nudging is applied is shown in Figure 1. Exp1, with no nudging, is an update of the same experiment
from QBOi phase-1.

Experiment Nudging target state Time period | Ensemble size
(tropical stratosphere)
Expl No nudging 1979-2020 3
Exp1-ObsQBO | Time-evolving ERAS @ | 1979-2020 3
Exp1-NoQBO Climatological ERA5 w | 1979-2020 3

Exp1-ObsQBO and Exp1-NoQBO build on Exp1 by adding nudging in the tropical stratosphere, where the nudging refers
to imposing a relaxation toward a prescribed state as an additional forcing in a model’s prognostic equations. The prescribed
state will be referred to as the “target state” for the nudging, to avoid confusion with other aspects of the simulations that
are prescribed (e.g., SSTs). Table 1 gives an overview of the three experiments. Relaxations of zonal winds in the tropical
stratosphere to, either an idealised zonal mean QBO (Hamilton, 1998), or to zonal-mean reanalysis winds (Dall’ Amico et al.,
2010) have previously been used to impose ersatz QBOs in AGCMs that lacked the ability to spontaneous generate a QBO.

In Exp1-ObsQBO, zonal-mean zonal wind in the tropical stratosphere is constrained to follow the observed QBO evolu-
tion by nudging it toward the time-evolving monthly-mean zonal-mean zonal wind from reanalysis. The nudging relaxation
timescale is 5 days in the tropical stratosphere, using the spatial distribution in altitude (pressure) and latitude shown by the
black curves in Figure 1. Because the QBO evolves slowly, the 5-day timescale is considered sufficient to constrain it and is
broadly consistent with the relaxation timescales used by Hamilton (1998) and Dall’ Amico et al. (2010). In contrast, the 5-day
timescale is much longer than the 0.25-day timescale used in the SNAPSI project (cf., black and red lines in Figure 1) where
the objective is to bias-correct the daily varying zonal mean zonal winds throughout the stratosphere in seasonal hindcasts
(Hitchcock et al., 2022). As already noted, only the zonal-mean component of zonal wind is to be nudged in QBOi phase-2
experiments. This allows waves in the tropical stratosphere to evolve freely while influenced by the constrained (bias corrected)
zonal-mean background state. The rationale for nudging only the zonal-mean zonal wind is that the QBO is driven by momen-
tum dissipation from upward propagating waves, while temperature adjusts, via the action of a mean-meridional circulation,
to maintain thermal wind balance with the vertical shear of the zonal wind that results from the wave driving (Baldwin et al.,
2001; Butchart and Anstey, 2024). The approach used here avoids directly forcing a model’s zonal-mean temperature and
meridional circulation toward the reanalysis, allowing these fields to dynamically adjust to maintain balance within the model
with the zonal wind anomalies that are directly forced by the nudging. Hence the nudging can be viewed as an empirical proxy
for the wave forcing that drives the QBO in zonal wind — or more specifically, provides the correction to that wave forcing that
would be required for the model to generate a QBO that closely resembles the observed one (i.e., the nudging supplements

both the resolved and subgrid-scale (parameterized) wave forcing that is spontaneously generated by the model).
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Figure 1. Spatial dependence of nudging timescale in the (a) vertical and (b) meridional directions for the QBOi phase-2 nudging experiments
Exp1-ObsQBO and Exp1-NoQBO (black curves). The mathematical expressions corresponding to the QBOi profiles shown in (a) and (b)
are give in Appendix A. Vertical and meridional profiles of nudging timescale from the SNAPSI protocol (Hitchcock et al., 2022) are shown
in red for comparison with the QBOi profiles (see Appendix A for further details of the QBOi-SNAPSI comparison).

The chosen vertical nudging profile in Figure 1a indicates that the nudging tapers off from full strength at 70 hPa (~ 18.5
km) to zero at 100 hPa (~ 16 km), near the tropical tropopause, ensuring that upward-propagating waves, generated in the
tropical troposphere, propagate upward through increasingly realistic background zonal-mean zonal winds after crossing the
tropopause. Extending nudging down to 100 hPa may also be important for determining whether models simulate teleconnec-
tions that are thought to be caused by the near-tropopause QBO signal, such as the observed QBO-MJO link (Martin et al.,
2021). The nudging profile at full strength extends upward only as far as 10 hPa (~ 32 km), before reducing uniformly to zero
by 5 hPa (~ 37 km). Radiosondes only provide observations of tropical winds at altitudes up to about 10 hPa, and above this
the tropical zonal winds in reanalyses become more uncertain due to the lack of direct observational constraints (Kawatani
et al., 2016). Hence the nudging is restricted to altitudes at which there is high confidence in the ability of reanalyses to repre-
sent the QBO. Additionally, this choice allows model simulations of the semi-annual oscillation (SAO) to be examined under
conditions in which realistic QBO winds filter the equatorial waves that propagate upward into the region above 10 hPa where
zonal-mean zonal wind variability is dominated by the SAQ.

Similarly, the latitudinal extent of nudging shown in Figure 1b does not span the entire tropical belt of 30°S—30°N. The
observed latitudinal profile of QBO wind amplitude is approximately symmetric about the equator with a Gaussian shape
having half-maximum values at about 12°S and 12°N (Dunkerton and Delisi, 1985; Butchart and Anstey, 2024). The latitudinal
extent of nudging (Figure 1b) is chosen to be strong between these latitudes of half-maximum wind amplitude, tapering off
rapidly outside this range. This is consistent with the equatorial width of the wave-driving of the zonal wind QBO (Bushell
et al., 2022; Holt et al., 2022) and reduces the risk of the nudging directly impacting zonal-mean zonal wind anomalies outside

this region that may result from QBO-teleconnections or the induced mean meridional circulation. Again, the latitudinal extent
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of the nudging described here is not too dissimilar from that used in the earlier studies of Hamilton (1998) and Dall’ Amico
et al. (2010).

Exp1-NoQBO uses the same nudging profiles as Exp1-ObsQBO (Figure 1), but the target state for this experiment is the
climatological monthly zonal-mean zonal wind state derived from reanalysis, i.e., the climatology of the target state used in
Exp1-ObsQBO. This removes almost all interannual variability in zonal-mean zonal wind from the nudged region. Nonethe-
less, because of the asymmetry between the eastward and westward QBO phases the target (climatological) zonal-mean zonal
equatorial winds in Exp1-NoQBO are only close to zero in the lower stratosphere and are westward above ~50 hPa (see Sec-
tion 4.2). Comparison of Exp1-NoQBO with Exp1-ObsQBO allows assessment of the overall impacts in a model of realistic
tropical stratospheric variability (noting that the two experiments have the same climatological tropical stratospheric winds by
construction). In turn, the multi-model ensemble provides insight into the robustness of such impacts across different models.

All three experiments should be performed with the same model version, forcings, and boundary conditions. For each
experiment, 3 ensemble members of 42 years each (1979-2020 period) are requested (Table 1). This sample size of 126
years for each experiment is considered necessary to reliably diagnose QBO teleconnections in the presence of large sampling
variability due to internal atmospheric dynamics (Anstey et al., 2022b) and to more robustly separate QBO impacts from those
of ENSO. While this large sample may not be required when analyzing the QBO wave forcing, the 42 years include a wide
range of tropical SST conditions, including extreme ENSO phases, that can affect tropical wave generation differently across
the models. Also occurring during the 1979-2020 period are the two disruptions to the QBO’s regular cycle that were observed
during the Northern Hemisphere (NH) winters of 2015/16 and 2019/20, hence the experiments allow the representation of
QBO wave driving during these unusual events to be analysed and compared between models and ensemble members. This
will provide an indication of the sensitivity of the disruptions to variability or uncertainty in forcing due to waves originating
from the extratropics (Newman et al., 2016; Osprey et al., 2016; Anstey et al., 2021).

Since nudging constrains the tropical stratospheric winds, it is not strictly necessary that a model spontaneously simulates the
QBO in order to carry out the nudging experiments Exp1-ObsQBO and Exp1-NoQBO. Additionally, for models in which it
is technically not feasible to nudge just the zonal-mean component of the flow, a “full-field” variant of the experiments may be
performed in which the local zonal winds are nudged toward local reanalysis winds. The 5-day nudging timescale was chosen
as it is sufficiently long to allow short-period equatorial waves to evolve relatively freely when using the full-field nudging,
despite some weak direct wave forcing from the nudging. Full details of the nudging implementation (including the full-field

variant), forcings and boundary conditions, can be found in Appendices A and B.

3 Data request

The common diagnostic output requested is very similar to QBOi phase-1 (Butchart et al., 2018), with some additional vari-
ables. The same set of variables is requested from all experiments. To reduce data volumes, some high-volume variables are
requested from only one ensemble member, as described below. Appendix C provides detailed lists of all requested output

variables (Tables C1-C6) with a general overview of the data request provided here.
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As noted in Butchart et al. (2018), the QBOi data request is primarily based on that of other model intercomparison projects
(MIPs), in particular the set of stratospheric dynamical diagnostics requested from CMIP6 simulations by the Dynamics and
Variability Model Intercomparison Project (DynVarMIP, Gerber and Manzini, 2016). These include the Transformed Eulerian
Mean (TEM) quantities, namely the Eliassen-Palm flux and residual circulation, that allow analysis of the QBO zonal-mean
zonal momentum budget. While TEM diagnostics quantify the extent to which the QBO in a model is driven by its resolved
flow, a significant fraction of QBO wave driving in most phase-2 models comes from parameterized sub grid-scale waves, and
therefore the forcing due to both orographic and non-orographic gravity wave drag parameterizations is also requested. Non-
orographic gravity waves have a range of zonal phase speeds and hence can contribute both eastward and westward forcing,
directly driving both phases of the QBO. Orographic waves, with zero zonal phase speed, contribute substantially to total wave
driving in the extratropical stratosphere and consequently may impact the QBO via their effect on tropical upwelling, which
on average opposes the downward propagation of the QBO (Dunkerton, 1997).

The QBOi phase-2 data request also includes the eastward zonal-mean zonal wind tendency due to nudging and to model
physics, which were not included in phase-1 (Table C2). These are requested in order to obtain as complete a breakdown of
the QBO momentum budget as possible. In Exp1-ObsQBO, the time variation of nudging tendency reflects the adjustment a
model is making to follow the trajectory of the observed QBO, and in an averaged sense (e.g., composited by QBO phase) it
represents the “missing” forcing that would be required for a model to simulate a more realistic QBO. Examining the nudging
tendency therefore allows a detailed analysis of biases in QBO driving as a function of altitude, latitude, and QBO phase.
The tendency due to model physics is intended to represent contributions from any other sub grid-scale forcings affecting the
zonal-mean zonal momentum budget, such as horizontal and vertical diffusivities.

To further analyze QBO wave driving, 3D winds and temperature at 6-hour resolution (instantaneous samples, not time
averages) are requested to enable calculation of equatorial wave spectra in a consistent manner across models (Table C5).
These are requested on pressure levels so as to facilitate conventional TEM diagnostic calculations (Andrews et al., 1987,
Hardiman et al., 2010), but at vertical resolution comparable to (i.e., approximately equivalent to) the spacing between the
model levels. High vertical resolution is necessary to prevent loss of information due to vertical interpolation, which can
significantly affect estimates of QBO wave driving (Kim and Chun, 2015; Kim et al., 2019). The horizontal grid should be a
regular latitude-longitude grid, ideally the native grid, but if not then at a resolution similar to that of the native grid (again,
to avoid losing information due to interpolation). To limit data volumes, only the altitude range 150-0.4 hPa (~ 13-54 km) is
requested. This altitude range has been extended downward compared to the phase-1 data request (Butchart et al., 2018, Table
4) to ensure better coverage of the upper troposphere lower stratosphere (UTLS). These diagnostics are requested only for a
single ensemble member, which is expected to be sufficient to characterize inter-model differences in QBO wave driving. If
further reduction in data volume is necessary, these diagnostics can be optionally excluded outside the latitude band 15°S to
15°N, where wave driving of the QBO occurs (e.g., Holt et al., 2022).

Apart from the 6-hourly data for equatorial wave analysis, most quantities are requested on the same standard set of 30
pressure levels as in phase-1 that provide vertical resolution ranging from 1.0 to 1.5 km in the 200—40 hPa region (Butchart,

2022). A further addition in phase-2 is that 3-hourly precipitation and outgoing longwave radiation (OLR) were requested to



190

195

200

205

210

215

https://doi.org/10.5194/egusphere-2026-1165
Preprint. Discussion started: 6 May 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

enable analysis of MJO-like behaviour in the models. The same output variables are requested for all ensemble members of
all experiments, with the exception that 6-hourly output for equatorial wave analysis is only required for the first ensemble
member, in order to limit data volumes. (And nudging tendency is of course only required for nudged experiments.)

The full set of output variables is tabulated in Appendix C (Tables C1-C6) where further details on the output requirements
are given. For ease of comparison with the QBOi phase-1 data request (Butchart et al., 2018), Table C7 summarizes all additions

and changes to the QBOi data request since phase-1.

4 Models
4.1 Model characteristics

This section gives a brief overview of the participating models. Table 2 lists the models, including the number of ensemble
members performed for each experiment, and the nudging methodology used. Information about model horizontal and vertical
resolution (Table 3) and non-orographic gravity wave parametrizations (Table 4) is also provided. Comprehensive descriptions
of each model can be found in the appropriate model documentation papers (listed in Table 3), and only their salient aspects
with regard to the QBO or its teleconnections are described here.

Out of the 12 participating models listed in Table 2, 9 implemented zonal-mean nudging while 3 implemented the full-field
variant of the nudging experiments (Appendix A). Models using full-field nudging will to some extent constrain tropical waves
to follow the reanalysis data, but the 5-day nudging timescale employed should ameliorate this effect as the highest frequency
waves will not be directly constrained by the nudging to any significant extent. In models using zonal-mean nudging, all
tropical waves evolve freely and only the zonal-mean wind is constrained to follow the nudging target state (reanalysis zonal-
mean zonal wind).

Information on the models’ horizontal and vertical resolution is provided in Table 3. The models vary in their method of
horizontal discretization, but it should be noted that most have horizontal resolutions that are comparable to CMIP6 climate
models. Since the QBO is sensitive to forcing by small-scale tropical waves, all the models apart from GRIMs include pa-
rameterized non-orographic gravity wave drag (GWD) to provide additional wave forcing in the tropics. Details of the GWD
parameterization schemes used are given in Table 4. The GRIMs model does not spontaneously generate its own QBO and
did not preform Exp1l. Nonetheless as previously noted the absence of a spontaneously generated QBO does not exclude the
model from performing and providing useful output for the nudged simulations (Exp1-ObsQBO and Exp1-NoQBO) in which
tropical stratospheric variability results from the nudging.

Many models also parameterize the tropospheric sources of sub grid-scale waves using variability in the model’s convective
heating or precipitation. References for the different convective parametrization schemes used by the models are given in Table
4. Note that there are two variants (p1, p2) of the MIROCG6.1 model that differ only in their convective parameterization scheme
and tuning, but are otherwise identical. Parameterized deep convection generates heating in the tropical troposphere that forces
equatorial waves with a range of spatial scales and frequencies which then contribute to driving the QBO in the stratosphere

(e.g., Holt et al., 2022) The precise details of the tropical wave spectrum forcing the QBO in each model depends on the
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Table 2. Participating models, number of ensemble members for each experiment, and model documentation references. The nudging type

is indicate as zonal-mean (ZM), in which case only the zonal-mean zonal wind is nudged, or full-field (FF); for further details of the nudging

methodology, see Appendix A.

Model Institute Expl Expl- Expl- Nudging type Investigator (email)
ObsQBO NoQBO
BCC-CSM2-MR CMA / CEMC 3 3 3 M Y. Lu (luyx@cma.gov.cn)
W. Jie (jiewh@cma.gov.cn)
Z. Chai (czy @mail.iap.ac.cn)
CAS-ESM CAS /IAP 3 3 3 M Z. Chai (czy @mail.iap.ac.cn)
CESM2 NCAR 3 3 3 M Y. Richter (jrichter@ucar.edu)
1. Simpson (islas @ucar.edu)
N. Rosenbloom (nanr@ucar.edu)
K. Huang (huangkai @ucar.edu)
E3SMv2 DOE 3 3 3 FF Q. Tang (tang30@IInl.gov)
J. Xie (jinbo.xie @princeton.edu)
EC-Earth3 EC-Earth 1 1 1 FF F. Serva (federico.serva@artov.isac.cnr.it)
Consortium /CNR P. Davini (paolo.davini @cnr.it)
ESM4 GFDL 3 3 3 FF P. Lin (pulin@princeton.edu)
GRIMs 4.0 Seoul National 0 1 1 M S.-W. Son (seokwooson @snu.ac.kr)
University 0 1 1 M D.-C. Hong (eaudetint@snu.ac.kr)
HadGEM3GA7.1 MOHC 3 3 3 M M. Andrews (martin.andrews @metoffice.gov.uk)
Oxford University N. Butchart (neal.butchart @metoffice.gov.uk)
S. Osprey (scott.osprey @physics.ox.ac.uk)
LMDz6 LMD 1 3 2 M F. Lott (flott@Imd.ens.fr),

Lionel Guez (guez@Ilmd.ipsl.fr)

MIROCG.1 (pl & p2) JAMSTEC ZM

w
w
w

S. Watanabe (wnabe @jamstec.go.jp)

MRI-ESM2.0 MRI 3 3 3 M

H. Naoe (hnaoe @mri-jma.go.jp)
K. Yoshida (kyoshida@mri-jma.go.jp)

parameterization scheme used, its tuning (i.e., adjustment of the scheme’s free parameters), as well as other aspects of the

simulated climate such as mean wind biases near the tropical tropopause.

The dissipation of resolved waves in the tropical stratosphere, which forces the dynamical QBO, is well known to be sen-

sitive to vertical resolution in the lower tropical stratosphere (Anstey et al., 2016; Geller et al., 2016; Garfinkel et al., 2022;

Simpson et al., 2025; Yu et al., 2025). Table 3 indicates the number of levels and upper boundary for each model, as well as

their approximate vertical resolutions near the 50 hPa level (= 21 km altitude). Vertical profiles of the models’ approximate

log-pressure layer spacings are shown in Figure 2. Most models have vertical resolution less than 1 km in the lowermost tropi-
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Table 3. Model horizontal and vertical resolutions, and primary reference(s). Horizontal resolution in degrees (°) is denoted as longitude X

latitude.
Model Horizontal Number of Model lid 50 hPa Model
resolution vertical levels (hPa) Az (km) reference(s)
BCC-CSM2-MR T106 46 1.459 0.88 Wu et al. (2019); Lu et al. (2020)
CAS-ESM 1.4° x 1.4° 69 0.01 0.55 Zhang et al. (2020); Chai et al. (2021)
CESM2 1.25° x 0.9° 83 0.008 0.50 Danabasoglu et al. (2020)
E3SMv2 ne30 (= 110 km) 72 0.1 1.08 Golaz et al. (2022)
EC-Earth3 TL255 91 0.01 0.68 Doscher et al. (2022); Serva et al. (2024)
ESM4 C96 (= 100 km) 50 0.01 1.72 Horowitz et al. (2020)
GRIMs 4.0 T62 91 0.01 0.70 Koo et al. (2023)
HadGEM3GA7.1 0.83° x 0.55° 85 0.01 0.76 Walters et al. (2019)
LMDz6 2.5% x 1.25° 79 0.01 1.07 Hourdin et al. (2020)
MIROCS6.1 (pl & p2) T85 90 0.004 0.54 Tatebe et al. (2019)
MRI-ESM2.0 TL59 80 0.01 0.63 Yukimoto et al. (2019)
(b)
35
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E3SMv2 (72) —— HadGEM3GA7.1 (85)

Figure 2. (a) Vertical grid spacings, Az (km), for models listed in Table 2. (b) As (a), but zoomed in to show Az in the lower tropical
stratosphere. Both pl & p2 variants of MIROCG6.1 have the same vertical grid. The GRIMs 4.0 and EC-Earth3 overlap substantially at
altitudes below =~ 50 km.

cal stratosphere, between 100 hPa and 30 hPa, with the highest-resolution models having grid spacing ~ 0.5 km near 50 hPa.

Sensitivity of QBO simulations to vertical resolution is not well quantified, but it is likely associated with the theoretical pre-
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diction that vertical wavelengths of upward propagating equatorial waves decrease as the waves’ zonal phase speed approaches
the local QBO (i.e., background) zonal wind speed, enhancing the radiative damping of waves or causing them to break and
thereby depositing the momentum that drives the QBO. Simulations of the QBO are also sensitive to many other aspects of
model formulation (Garfinkel et al., 2022), including horizontal and vertical diffusions and the choice of dynamical core (Yao

and Jablonowski, 2015).

Table 4. Non-orographic gravity wave drag and convection parameterizations. AD99: Alexander and Dunkerton (1999), B14: Bechtold et al.
(2014), B04: Beres et al. (2004), B15: Bushell et al. (2015), CL15: de la Camara and Lott (2015), CM02: Charron and Manzini (2002),
CS10: Chikira and Sugiyama (2010), EO1: Emori et al. (2001) modification of Arakawa and Schubert (1974), H20: Han et al. (2020), H97:
Hines (1997), L17 : Larson (2017), L81: Lindzen (1981), LG13: Lott and Guez (2013), O10: Orr et al. (2010), PB09: Park and Bretherton
(2009), R13: Rio et al. (2013), S02: Scaife et al. (2002), W19: Wu et al. (2019), Wa: Walters et al. (2019) Y15: Yoshimura et al. (2015),
ZM95: Zhang and McFarlane (1995), Z18: Zhao et al. (2018).

Model Non-orographic Non-orographic Convection
GWD scheme GWD source scheme
BCC-CSM2-MR  B04 B04 W19
CAS-ESM B04, CM02 B04, CM02 ZM95, PB09
CESM2 L81 B04, CM02 ZM95, L17
E3SMv2 B04, CM02 B04, CM02 ZM95, L17
EC-Earth3 010 fixed B14
ESM4 AD99 fixed Z18
GRIMs 4.0 none - H20
HadGEM3GA7.1  S02 BI15 Wal9
LMDz6 LG13 LG13, CLI15 RI13
MIROCS6.1, pl H97 fixed CS10
MIROCS6.1, p2 H97 fixed EO1
MRI-ESM2.0 H97 fixed Y15

Other key forcings that potentially affect the simulated QBOs or their teleconnections include ozone, volcanic aerosol, and
the 11-year solar cycle. Most models that performed the phase-2 nudging experiments used prescribed ozone forcing, i.e.,
the simulated winds and temperatures do not affect the ozone distribution. Three models used interactive (i.e., prognostic)
ozone: E3SMv2 (linearized), ESM4 and MRI-ESM2 (full chemistry). A QBO in ozone is primarily due to advection by the
mean-meridional circulation at lower altitudes of the QBO, and the photochemical ozone response to QBO-induced temperature
perturbations at higher altitudes (Butchart et al., 2003; Tian et al., 2006; Zhang et al., 2021). Anomalous heating rates associated
with the ozone QBO may in turn influence the dynamical QBO (Shibata and Deushi, 2005; Shibata, 2021), but this feedback
is neglected in models that prescribe ozone (i.e., in all but three of the models used here). The potential importance of this
feedback is the focus of new QUasi-biennial oscillation and Ozone Chemistry interactions in the Atmosphere (QUOCA) multi-

model experiments using chemistry-climate models (Orbe et al., 2025). Time-evolving volcanic aerosol is prescribed in most
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QBOi phase-2 models, though two models omit it (GRIMs 4.0 and LMDz6). Likewise, almost all models prescribe an 11-year
solar cycle in their radiative forcing (LMDz6 is the sole exception). The solar cycle is not expected to have a significant direct
impact on the simulated QBOs (Hamilton, 2002) but could potentially result in interference with the QBO’s modulation of
polar vortex variability (e.g., Matthes et al., 2010) or its modulation of the MJO (e.g., Hood et al., 2023).

4.2 Evaluation of nudging in phase 2 models

In this section basic aspects of the phase 2 model simulations are evaluated to assess that the nudging is performing as in-
tended in the tropical stratosphere, i.e., reducing or removing QBO biases in Exp1-ObsQBO and eliminating tropical strato-
spheric variability in Exp1-NoQBO. The extent to which the tropically confined nudging has any systematic impact on the
extra-tropical stratospheric climate during winter or the amount of polar vortex variability is also assessed. A more detailed
investigation of QBO-teleconnections in the phase-2 experiments is presented in Andrews et al. (2026).

Figure 3 shows the evolution of monthly zonal-mean zonal wind in the tropical stratosphere in Exp1 (left column) and
Exp1-ObsQBO (right column) for the last 20 years of the simulations, and for the 100-5 hPa altitude range where the QBO in
Exp1-ObsQBO is nudged (Figure 1a). The zonal-mean zonal wind from the ERAS5 reanalysis, which is the target state for the
nudging, is shown in the left column opposite the GRIMs Exp1-ObsQBO panel (the GRIMs model did not perform Exp1).
For the nudged simulations (Exp1-ObsQBO) all the models track the QBO phase evolution seen for ERAS, including the QBO
disruptions in early 2016 and early 2020 (Newman et al., 2016; Osprey et al., 2016; Anstey et al., 2021). Between 10 and 70
hPa most models also represent the amplitude of QBO westerly and easterly phases realistically, as expected since the 5-day
nudging timescale is short compared to the timescale on which the QBO winds evolve. Discrepancies between models and
ERAS are apparent below 70 and above 10 hPa where the nudging strength tapers off (Figure 1a). Two models, BCC-CSM2-
MR and CAS-ESM, resemble the ERAS QBO less closely than the other models, especially at higher altitudes in CAS-ESM
where a strong westerly bias is present, but the overall phase evolution is nevertheless synchronized with that of the observed
QBO.

The free-running simulations (Expl, Figure 3, left column) show a range of periods, amplitudes and vertical extents of
simulated QBO-like variability. Westerly and easterly zonal wind regimes descending through the tropical stratosphere, with
periods longer than a year and distinct from the annual cycle, are seen in all models. Moreover, for several of the models
these zonal-mean zonal wind oscillations closely resemble the ERAS QBO in their periods, amplitudes, and vertical extents
(e.g., MRI-ESM2-0, HadGEM3GA?7). Nonetheless the model QBO amplitudes are often weaker than those for ERAS at the
lowest QBO altitudes (50 hPa and below), a known common bias in QBO simulations (Richter et al., 2020; Bushell et al.,
2022). Zonal wind variability is less realistic in E3SM-2-0 and ESM4, which used the full-field nudging and also have the
coarsest vertical resolution in the 20-30 km layer, with grid spacings of more than 1 km. Large overall westerly biases, with
limited downward descent of easterly wind phases are apparent in the CAS-ESM and ESM4 simulations. Broadly, inter model
differences in the representation of the QBO in phase-2 Exp1 are similar to those for phase-1 Exp1 (Bushell et al., 2022), and

therefore not unexpected, though note that not all phase-2 models participated in phase-1, and vice-versa. Comparing the Exp1

12
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Figure 3. Hovmoller diagrams of the vertical profile (100-5 hPa) of monthly-mean zonal-mean zonal wind, averaged from 5°S to 5°N for
2000-2020 for the participating models for Exp1 (left) and Exp1-ObsQBO (right). GRIMs did not perform Exp1 and instead corresponding
data from ERAS are shown. When more than one realization was available for a particular experiment and model, results from the realization

labeled “r1” in the database are shown.
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Figure 4. Vertical profiles of the time mean (a) and standard deviation (b) of monthly equatorial (5°S—5°N) zonal-mean zonal winds for
1979-2020 for the participating models (coloured lines) compared to ERAS5 (black). Expl, Exp1-ObsQBO and Exp1-NoQBO are shown
by dashed, solid and dotted lines respectively. Thick grey lines denote the multi-model mean. In (b) the standard deviation is calculated after
subtracting the mean annual cycle and then multiplied by v/2, which approximates the mean QBO amplitude when the QBO is the dominant

mode of variability in the equatorial stratosphere (Dunkerton and Delisi, 1985).

and Exp1-ObsQBO results (left and right columns of Figure 3) confirms that the nudging is generally successful at eliminating
QBO biases and inter-model differences in the phase-2 models.

Equatorial (5°S—5°N) vertical profiles of the zonal-mean zonal wind climatology (Figure 4a) for both nudged experiments
(Exp1-ObsQBO, Exp1-NoQBO) closely follow the corresponding ERAS climatology in the core nudging region (10-70
hPa), as expected. Between 10 hPa and 5 hPa the nudging strength tapers to zero (Figure 1a) and the model climatologies
begin to diverge from ERAS, possibly reflecting biases in the simulated SAO, although it should be noted that reanalysis winds
are less well constrained by radiosonde observations in this region (Kawatani et al., 2016). Climatologies of the experiment
without nudging (Exp1; dashed lines) generally have westerly biases between 50 and 10 hPa with respect to reanalysis, though

the westerly biases are much more substantial in CAS-ESM and ESM4 with climatological westerlies replacing the observed

285 climatological easterlies. Overall, these features are consistent with westward wave forcing that is too weak in the models
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leading to weak easterly QBO phases, as noted in previous studies using earlier generations of the models (e.g., Stockdale
et al., 2022; Holt et al., 2022). Finally, it is notable that Exp1 shows some inter-model spread in climatological zonal-mean
zonal winds in the 70—100 hPa layer, below the region where the QBO dominates the variability of tropical stratospheric winds.
Although this spread is small (= 5 m/s) compared to inter-model spread at higher altitudes, it is potentially important because
waves propagating through this region affect the forcing of QBO phases above. Small changes in selective wave filtering in the
lower stratosphere due to subtle changes in the background wind can have large knock-on effects on the evolution of the QBO
wind above due to the effects of decreasing atmospheric density with altitude (Anstey et al., 2016; Alexander et al., 2021).

Vertical profiles of the standard deviation of deseasonalized zonal-mean zonal wind, multiplied by v/2, are shown in Figure
4b. This diagnostic is considered a good approximation to the QBO amplitude under the assumption that the QBO is the
dominant component of interannual variability (Dunkerton and Delisi, 1985), as is the case for the nudged QBOs (Expl-
ObsQBO) and those models with realistic QBO-like variability in Figure 3 for Expl. When the variability is less realistic
(such as in E3SM-2.0) the diagnostic still quantifies the equatorial variability, as it does for Exp1-NoQBO and for simplicity
is referred to hereinafter as the QBO wind amplitude. In Exp1 (dashed curves) the models generally underestimate the QBO
amplitude compared to ERAS, by up to 50% at 50 hPa for the multi-model mean (thick gray line) although individual model
results vary widely. Nudging to the observed QBO (Exp1-ObsQBO, solid curves) brings the models’ variability into much
closer agreement with ERAS, as expected, although in general the models QBO amplitudes remain slightly weaker than the
amplitude for the reanalysis. Nonetheless this significant reduction in the amplitude bias supports the decision to nudged only
the zonal component of the winds since when both meridional and zonal components of the wind in addition to temperature
were nudged in another study, albeit with a shorter relaxation timescale and the nudging operating through the model domain,
the QBO bias correction was less successful, at least for the winds (Hardiman et al., 2017). Above the core nudging region
(10-70 hPa), variability is stronger than ERAS in some models and weaker in others. Below the core nudging region, between
70 hPa and the tropical tropopause, models almost uniformly underestimate the zonal-mean zonal wind variability compared
to ERAS, by up to 50% for the multi-model mean. It should be noted that since zonal asymmetries are larger close to the
tropopause than above (e.g., due to the Walker Circulation) the zonal-mean diagnostic used here may be insufficient at these
altitudes to properly assess the potential impacts of wind biases in this region on upward wave propagation. Variability of the
zonal-mean zonal wind in the experiment nudged to the ERAS climatology (Exp1-NoQBO, dotted curve) is almost entirely
suppressed in the 10-70 hPa region in almost all models, as intended.

Latitudinal profiles of the QBO wind amplitude at 50 hPa are shown in Figure 5. The 50 hPa level is chosen because the
equatorial QBO amplitude at that level is substantially underestimated by phase-2 models (Figure 4) and models in general
(e.g., Richter et al., 2020). In addition the 50 hPa level is often used as a QBO index when analysing QBO teleconnections (e.g.,
Anstey and Shepherd, 2014; Son et al., 2017; Martin et al., 2021). The underestimated equatorial QBO amplitude at 50 hPa in
Expl is associated with a substantial latitudinal narrowing of the simulated QBOs in comparison to ERAS (Figure 5a, dashed
curves), consistent with QBO amplitude decaying with distance from the equator. Narrower QBOs could potentially lead to
weaker teleconnections to higher latitudes (Hansen et al., 2013). The nudging profile (Figure 1b) used in Exp1-ObsQBO
strengthens the QBO wind amplitude across the tropical band (Figure 5a, solid curves), bringing the width of the simulated
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Figure 5. (a) QBO wind amplitude defined as in Figure 4b, but for latitudinal profiles at 50 hPa. Only Exp1 (no nudging; dashed) and Exp1-
ObsQBO (nudging to the observed QBO; solid) are shown. (b) As (a), but with each profile normalized by its peak value. The horizontal
black line denotes the half-amplitude (50% of peak value), which is partially used in determining the optimum width for the nudging (see

Section 2)

QBO into close agreement with ERAS, albeit still slightly less. The normalized amplitudes in Figure 5b confirm that the
apparent narrower simulated QBOs in Figure 5a compared to ERAS are not simply artifacts of the peak amplitudes at the
equator being too weak. On average, at half maximum amplitude (horizontal line in Figure 5b), the simulated QBOs in Exp1
(dashed grey line) are 4.2°+1.7° (17%) narrower than the ERA5 QBO (black line), improving to just 1.2°40.7° (5%) narrower
in Exp1-ObsQBO (solid grey line).

As well as bias correcting the QBO amplitudes in Exp1-ObsQBO another important consequence of the nudging is the
synchronization of the cycle-to-cycle variations in the QBO amplitude and phase with ERA5 and between the individual en-
semble members (Figure 6). In reality, cycle-to-cycle variations in QBO amplitude and phase are part of the natural internal
variability of the atmosphere and the nudging in Exp1-ObsQBO creates an artificial situation of an ensemble with a near “per-
fectly predictable” QBO in the ensemble mean. This multi-year predictable QBO signal does not result from initial conditions

and, instead, is essentially externally forced (i.e., by the nudging). Hence, the ensemble of Exp1-ObsQBO simulations can
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50 hPa equatorial (5°S-5°N) zonal mean zonal wind
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Figure 6. Time series of monthly-mean, zonal-mean zonal wind at 50 hPa and averaged from 5°S to 5°N for 1979-2020 for ERA5 (black
curve) and for the individual Exp1-ObsQBO simulations (coloured curves). For each model each ensemble member is shown as a separate

line.

be utilized to assess the remote response (i.e., teleconnections) of the nudged QBO signal in the same way that the response
to prescribed SSTs has previously been assessed (e.g., Rodwell et al., 1999). Further development of this application of the
nudging can be found in Andrews et al. (2026).

To assess the impact that QBO biases have on its teleconnections to the extratropics it is important that the QBO bias cor-
rection or nudging used in the phase 2 experiments does not inadvertently lead to systematic changes to a model’s climatology
outside the tropics where the nudging is applied (Figure 1b). The climatological stratospheric polar-night jets for the nudged
experiments are shown by the contours in Figure 7. For the NH, December-January-February (DJF) is shown, while for the
SH, September-October-November (SON) is shown as these are the seasons in which the teleconnections between the QBO
and polar vortex are generally most prominent (e.g., Butchart, 2022). Corresponding ERAS climatologies are shown in Figure
8a,b though the aim here is not to evaluate in detail the climatologies of the individual models. Instead, the reader is referred
to individual model evaluation papers (see Table 2 for references). Nonetheless all the models broadly reproduce for Exp1 the

reanalysis climatology, but with some showing large biases in the strength of the jet or in the tilt of the jet axis (not shown
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Figure 7. For the nudged simulations Exp1-NoQBO (left, 2 columns) and Exp1-ObsQBO (right 2 columns) climatological stratospheric
polar night jets (contours) for December-January-February (DJF) in the Northern, and September-October-November (SON) in the Southern
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Hemispheres. The 19792020 mean of the seasonal and zonal-mean zonal wind (ms™") are shown, using all available realizations for each

model. Coloured shading indicates the differences between the nudged and corresponding free-running simulations i.e., Exp1-NoOBO

minus Exp1 (left 2 columns) and Exp1-ObsQBO minus Expl1 (right 2 panels). Shading is only shown where the differences are statistically

significant at the 95% level by a 2-sided ¢-test, and its contour interval is 1 ms ™. The region 10°S—10°N is not shown to exclude differences

resulting directly from the tropical nudging. Differences are not shown for GRIMs as Exp1 data was unavailable.
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100 A 100

Figure 8. ERAS climatological stratospheric polar night jets for (a) SON in the Southern and (b) DJF in the Northern Hemisphere. The
1979-2020 mean of the seasonal and zonal-mean zonal wind (ms™") are shown. (c) and (d) Interannual standard deviation (ms™") of the

SON and DJF seasonal means, for the Southern and Northern Hemisphere, respectively.

but see Figure 7 for the nudged simulations). Despite the varied model biases, the shading in Figure 7 shows that in most
models the differences between the nudged simulations (Exp1-ObsQBO and Exp1-NoQBO) and Exp1 from the same model

are generally small, with many differences being ~ 5 ms~! or less against background values in the 30—60 ms !

range. Where
there are differences in the northern middle and high latitudes the jets are typically weaker in the nudged simulations compared
to Exp1 which is consistent with westerly biased equatorial climatological winds between 50 and 10 hPa in Exp1 (Figure 4a),
assuming a similar process to the observed NH vortex response to the QBO (i.e., equatorial easterlies weaken the vortex and
equatorial westerlies strengthen it). Any differences in the SH middle and high latitudes are generally smaller than in the NH
and are not consistent in sign between models. In both hemispheres the differences from Exp1 tend to be larger in the subtrop-
ics than at higher latitudes. In those cases where a high-latitude difference is evident, the low-latitude response tends to have
opposite sign, consistent with a shift in the jet latitude. Subtropical differences are generally larger relative to the background
flow than those at higher latitudes, and may result from changes in the QBO-induced mean-meridional circulation as well as
the response of equatorward-propagating planetary waves responding to the effects of the nudging, especially when full field
nudging is used (e.g., E3SM-2-0 and ESM4). Overall, Figure 7 indicates that the climatological polar-night jet wind structure
is very similar in all three experiments (Exp1, Exp1-ObsQBO, and Exp1-NoQBO).

As with the climatology the phase-2 models broadly capture the interannual variability of SH SON and NH DJF seasonally
averaged zonal-mean zonal winds seen in Figure 8c,d for ERAS. The corresponding model results for the nudged simulations
(Exp1-NoQBO and Exp1-ObsQBO) are shown by the contours in Figure 9. There is a wide inter-model spread in the overall
strength and spatial distribution of the interannual variability. In all models, differences between the nudged simulations and
Expl (coloured shading in Figure 9) are generally small (between -1 and 1 ms~1). In general the responses are not large in
comparison to the background strength of the variability, and no consistent response is seen across the multi-model ensemble.
Some models show a slightly larger response (e.g., BCC-CESM2, CESM2, LMDz) and, interestingly, they tend to have a
similar response in both of the nudged experiments, which as noted previously have more easterly climatological tropical

winds than Exp1 (Figure 4a). Overall however, the interannual variability in SH SON and NH DJF in these models has little
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Figure 9. As Figure 7, but for the interannual variability of the polar-night jet. Contours (ms ') show the interannual standard deviation of the
zonal-mean zonal wind seasonal means whose climatology (i.e., 1979-2020 mean) is shown in Figure 7. Coloured shading shows differences
of the nudged runs from the corresponding interannual variability in the simulations without nudging (left 2 columns: Exp1-NoOBO minus
Expl, right 2 columns: Exp1-ObsQBO minus Exp1). The plots do not show the tropics (20°S—20°N) where the direct impact of the nudging

dominates the interannual variability (i.e., the QBO). Note that for Exp1 data is not available for the GRIMs hence differences are not shown

for that model.
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sensitivity to the imposition of nudging, and consequently interannual variability in the two nudged experiments is very similar.
Therefore, the large contrast in tropical stratospheric variability between Exp1-ObsQBO (realistic QBO winds) Exp1-NoQBO
(completely suppressed) does not contribute significantly to the extent to which the polar night jet varies from year to year.
However this does not imply that high-latitude variability cannot be modulated by the tropics if the QBO acts to “organize”
the variability (as evidenced by the observed Holton-Tan correlation) without appreciably changing the overall strength of the

variability.

5 Concluding remarks

A protocol for coordinated experiments in which the tropical stratosphere is nudged toward reanalysis has been used for phase-
2 of the APARC QBOi activity. The experiments test the impact of bias correcting the QBO on other aspects of simulated
climate, such as extratropical teleconnections or tropical wave driving of the QBO. The two experiments adapt the well-
known AMIP experiment by adding nudging in the tropical stratosphere, so that the atmospheric circulation “sees” either
the observed evolution of the QBO over the recent historical record (1979-2020; Exp1-ObsQBO) or completely suppressed
tropical stratospheric variability (Exp1-NoQBO).

Validation of initial results from the experiments by 12 participating models demonstrates that the nudging substantially
corrects QBO biases as intended. In 9 models the nudging has been implemented on the zonal-mean component of the zonal
wind, allowing tropical waves in the models to propagate through a realistic background state over the 70—10 hPa region of
the lower tropical stratosphere. The other models implemented full-field nudging, but the 5-day nudging timescale allows
some freedom for short-period waves to evolve unconstrained by the nudging. In the extratropics, the models show weak or
no systematic impact of the tropical nudging on the climatological polar night jets or their interannual variability in either
hemisphere during the most dynamically active seasons (SON in the SH, DJF in the NH). This suggests the climatology
and strength of variability of the polar-night jet are insensitive to model errors in tropical stratospheric variability. However
this is separate from the question of whether QBO teleconnections may be a source of predictive skill and the extent to which
reduction of QBO biases can improve model representation of these teleconnections. A useful feature of Exp1-ObsQBO is that
nudging to reanalysis implies that QBOs are synchronized across the models, just as SSTs are synchronized due to the AMIP
boundary conditions, and an ensemble-mean teleconnections signal can be diagnosed. A thorough analysis of the response of
extratropical teleconnections to the QBO bias correction in the phase-2 nudged runs is given by Andrews et al. (2026).

The experiments described here provide a useful baseline for further extensions of the nudging method to explore the origin
and consequences of QBO biases. Using nudging the impact of changing model parameters (e.g., non-orographic gravity
wave drag parameter settings) on QBO wave forcing can be investigated without these changes affecting the background
QBO winds and their impact on QBO predictability examined by switching off the nudging at a chosen “initialization” time.
For teleconnections, varying the nudging profile can be used to adjust the downward extent or width of the QBO winds to
test sensitivities and causality; similar experiments using idealized tropical winds have been widely reported in the literature

(Hansen et al., 2013; Anstey and Shepherd, 2014; Matthes et al., 2010). Repeating the current QBOi phase-2 experiments but
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with annual repeating SSTs instead of observed SSTs would allow the effects of QBO teleconnections and SST teleconnections
on the variability of the stratospheric polar vortex or the tropical troposphere to be separated and the additivity of the responses
assessed. To assess the impact of bias-corrected QBOs on the initialized simulations the nudging technique and profiles used
here could also be applied to seasonal hindcasts. Novel features of the present experiments that are desirable in any further
experiments are the use of a multi-model approach to assess robustness, and use of reanalysis as the target state to make the

simulations directly comparable with observations.

Data availability. Model output for the QBOi experiments described in this paper are kindly hosted by the NERC Centre for Environmen-
tal Data Analysis (CEDA), UK. Access can be requested by contacting the QBOi coordinators (https://aparc-climate.org/activities/qboi/)
and applying via the JASMIN online portal®, as described at https://doi.org/10.5281/zenodo.19059510. ERA5 data was obtained from the
Copernicus Climate Change Service (C3S) Climate Data Store (CDS) (Hersbach et al., 2023).

Appendix A: Nudging methodology

“Nudging” refers to imposing a relaxation term in a model’s prognostic equations that forces the model toward a target state. In
both nudging experiments, Exp1-ObsQBO and Exp1-NoQBO, only the zonal-mean component of the zonal wind is nudged
(unless models perform the full-field variant described in Sec. A3). The nudging is equivalent to a forcing in the zonal momen-
tum equation of the form —«(@ — @, ), where @ is the model’s zonal-mean zonal wind, @, is the target state for the relaxation,
and o = 1/7 is the spatially varying relaxation rate, with 7 being the nudging timescale. The spatial variation of « is described
in Section A1. The different target states for Exp1-ObsQBO and Exp1-NoQBO are described in Section A2.

Al Vertical and latitudinal profiles

At maximum strength the nudging timescale is 7 = 5 days, which is expected to be sufficient to constrain the slowly evolving

QBO winds. The altitude profile of the nudging (Figure 1a) is given by

1 P— PPt
1 [1—tanh< Ap, )] [1 —l—tanh( Aps >} (AD)

where

pp = 80 hPa, Ap, =5 hPa, p, = 8 hPa, Ap; = 0.5 hPa

specify the bottom (py) and top (p;) pressure altitudes of the nudging region, and the parameters Ap; and Ap,, control the width
of the transition between nudged and free (i.e., non-nudged) regions. The nudging rate at a given latitude should be constant

on model levels. The pressure-levels profile (A1) should be converted to model levels using typical pressures on those levels.

Zhttps://help.jasmin.ac.uk/docs/short-term-project- storage/apply-for-access-to-a- gws/
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The latitude profile of the nudging (Figure 1b) is given by

i[ltanh<¢;f;w>} [lthanh((b;(fs)] (A2)

where

¢N = 1207 ¢S = _1207 A¢:20

specify the Northern Hemisphere (¢ ) and Southern Hemisphere (¢ ) latitudinal boundaries of the nudging region, and A¢
controls the width of the transition between nudged and non-nudged regions. The full spatial variation of the nudging relaxation
rate « is obtained by multiplying the maximum rate, 1/(5 days), by the profiles (A1) and (A2). This should constrain a model’s
zonal-mean zonal wind to follow the prescribed target state (u,-) in the indicated region of the tropical stratosphere (Figure 1)
while allowing free evolution of zonal asymmetries (waves) in the nudged region, and free evolution of the full 3D circulation

everywhere else.
A2 Target states

Exp1-ObsQBO and Exp1-NoQBO use the same spatial variation of nudging relaxation rate (), but differ in their target
states (u,-). In Exp1-ObsQBO, the target state used to represent the observed QBO is the zonal-mean zonal wind from the
ERAS reanalysis (Hersbach et al., 2020). ERAS is a state-of-the-art modern reanalysis covering the 1940—present period that
assimilates a range of observational types including, crucially for the QBO, wind observations from near-equatorial radioson-
des. In comparison to the long-running record (1953—present) of near-equatorial radiosonde wind observations compiled by
the Freie Universitit Berlin (Naujokat, 1986), modern reanalysis products generally represent the QBO well (Fujiwara et al.,
2022, Chapter 9). At the equator there are large gaps in the radiosonde observing network over the tropical oceans, and reanal-
ysis winds are correspondingly more uncertain at these longitudes (Kawatani et al., 2016). However as these uncertainties are
smaller than biases typically seen in QBO wind amplitudes in the phase-2 models (Figure 4), ERAS zonal-mean zonal wind is
believed to provide a sufficiently accurate representation of the observed QBO.

Use of a common reanalysis avoids the choice of target state being a potential source of inter-model differences. While
ERAS is recommended, modellers may use a different reanalysis if this is required in order to perform the experiments with
reasonable efforts (for example, if the model is already set up to nudge toward a different reanalysis and the effort to switch to
ERAS5 would be prohibitive). Some known differences between reanalyses that should be considered if an alternative reanlaysis

is used are:

— During the 2000-2006 period ERAS5 exhibits temperature biases that were corrected in a re-run of this period, ERAS.1, as
described in an ECMWF technical report>. ERAS.1 shows slightly larger QBO amplitude than ERAS in the 2000-2006
period. However, tropical wind differences between the two are small (e.g., Figure 25 of the above report) and unlikely
to have a significant impact on the QBOi nudging experiment results. Modellers may choose to substitute ERAS.1 for

ERAS during the 2000-2006 period, but this is not considered essential.

3https://www.ecmwf.int/en/elibrary/19362- global-stratospheric-temperature-bias-and-other-stratospheric-aspects-era5-and
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— MERRA-2 generally represents the QBO well due in part to its inclusion of parameterized non-orographic gravity wave
drag that is tuned to improve the QBO (Coy et al., 2016). Early in its record there are unrealistic tropical winds near 10
hPa (Kawatani et al., 2016). MERRA-2 begins in 1980.

— NCEP-CFSR is less suitable than other modern reanalyses since its QBO has some unrealistic features in the period
before 1990 (Fujiwara et al., 2022, Chapter 9).

— The older NCEP reanalyses, NCEP-NCAR (R1) and NCEP-DOE (R2), should be avoided due to their substantially

weaker QBO amplitudes, as compared to other reanalyses and to radiosonde winds (Fujiwara et al., 2022, Chapter 9).
A3 Full-field experiment variant

Nudging only the zonal-mean flow component is infeasible in some AGCMS, depending on the details of model formulation
(for example, the type of dynamical core). A full-field variant of the experiments allows such models to participate in the
experimental protocol. Here “full-field” refers to nudging the full 3D flow, i.e., both zonal-mean and zonally asymmetric flow
components. The following full-field experiment names are designated:

Exp1-ObsQBO-full: As Exp1-ObsQBO but using full-field nudging. Since the nudging is confined to the tropics, it is expected
that full-field nudging is suitable for studying QBO teleconnections. For studying the forcing (wave driving) of the QBO, full-
field nudging allows study of parametrized waves, as well as resolved waves whose timescales are short compared to the
nudging timescale (5 days).

Exp1-NoQBO-full: As Exp1-NoQBO but using full-field nudging. Since the climatological target state will be mostly zonally
symmetric, waves in the tropical stratosphere should be mostly damped out by the nudging unless their timescales are short

compared to the 5-day nudging timescale.
A4 Comparison with SNAPSI

The SNAPSI project (Hitchcock et al., 2022) specifies coordinated experiments in which the zonal-mean stratospheric circu-
lation is nudged toward reanalysis in order to study the tropospheric impacts of sudden stratospheric warming (SSW) events
using a multi-model ensemble. For reference, and for the benefit of modellers considering performing both SNAPSI and QBO

experiments, we summarize here their similarities and differences. In SNAPSI and QBOi, the following aspects are the same:
— Only the zonal-mean component of the flow is nudged.
— There is no nudging in the troposphere (from the surface up to ~ 100 hPa).

Compared to the SNAPSI experiments, the following aspects are different in QBO:i:
— Only the zonal wind is nudged (SNAPSI also nudges the temperature).

— Nudging is zero outside the tropics (SNAPSI nudges equally at all latitudes).
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— There is no nudging in the upper stratosphere, allowing the SAO to evolve freely.
— The nudging timescale is 5 days (SNAPSI uses 6 hours).

Figure 1 provides a comparison of the spatial variation of nudging timescale (i.e., of the nudging regions) in the QBOi and

SNAPSI experiments.

Appendix B: Forcings and boundary conditions

CMIP6-era forcings are available from the input4MIPs website*. There is some flexibility in specifying forcings, at modellers’
discretions, if it is reasonable to expect that minor variations will not have an important effect on the experiment results.
However it is essential that the same forcings are used for all experiments that are run by the same model.

Ocean: AMIP boundary conditions for observed sea-surface temperature (SST) and sea ice (SI) can be obtained from
inputdMIPS, whose version v20220201 of monthly t osbcs and siconcbes covers the required 1979-2020 time period:

tosbcs_input4MIPs_SSTsAndSealce_ CMIP_PCMDI-AMIP-1-1-7_gn_187001-202106.nc

siconcbcs_input4MIPs_SSTsAndSealce_CMIP_PCMDI-AMIP-1-1-7_gn_187001-202106.nc

Ozone: Models without interactive ozone can use their preferred ozone forcing that is suitable for the historical period. This
can be climatological (time variation is only seasonal) or transient (time variation can also include trends or other variabil-
ity). While transient ozone may be most consistent with the transient SST/SI boundary conditions, modellers should not use
prescribed ozone that already contains a QBO signal, since this can influence the evolution of a model’s spontaneous QBO
(Butchart et al., 2023) and thus affect the results of Expl. For example, the CMIP historical-era ozone forcing available at the
input4MIPs

vmro3_input4MIPs_ozone_CMIP_UReading-CCMI-1-0_gn_x*.nc
contains a QBO signal and therefore should be avoided.

Volcanoes: For consistency with the prescribed QBO and ocean boundary conditions, volcanic aerosol forcing is corre-
sponding to historical eruptions in the 1979-2020 period is recommended. However, given uncertainties in the QBO response
to volcanic forcing, this is not considered essential.

11-year solar cycle: Similarly to volcanoes, a prescribed 11-year solar cycle in solar total irradiance and UV irradiance is
recommended but not required.

Trace gas concentrations: Concentrations of CO, and other radiatively active trace gases are recommended to follow

transient forcings available from input4MIPs, so as to be consistent SST/SI trends over the 1979-2020 period.

Appendix C: Data request

The QBOi phase-2 data request comprises 85 variables, as listed in Tables C1-C6. Of these, 68 were requested for the QBOi

phase-1 experiments (Butchart et al., 2018). An additional 17 variables are newly requested in phase-2. These are included in

“https://esgf-node.lInl.gov/search/input4mips/
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Tables C1-C6, but are also listed separately in Table C7 in order to clarify what has changed since the phase-1 data request.
Each of Tables C1-C6 specifies the short name of the requested variable (used in the netcdf file and filename), its longer and
more human-readable name, units, requested frequencies, and the spatial dimensions/coordinates for each requested frequency.

The Transformed-Eulerian Mean (TEM) quantities in Table C2 should be calculated using 6-hourly instantaneous samples
and then averaged to daily or monthly means, consistent with the method prescribed by DynVarMIP requirements for CMIP6
output (Gerber and Manzini, 2016, including their Corrigendum). That is, eddy covariances (u’v’, etc) should be computed by
multiplying 6-hourly eddy quantities and then zonal averaging. All multiplicative products (i.e., multiplying eddy covariances
by mean-flow terms to compute the EP flux components) should be computed at 6-hourly frequency before time averaging to
daily or monthly means. These calculations are best carried out on a pressure levels grid with vertical resolution comparable
to the model resolution, so as to reduce errors in the computation of vertical derivatives (Gerber and Manzini, 2016). The final

results can then be interpolated to the requested standard pressure levels specified in Table C2.

Table C1. Surface and 3D circulation variables, monthly mean and daily mean. Pressure levels for 3D variables are either the 8-level plev8

grid or the 30-level qboi30 grid, as indicated.

Name | Long name Units Table Spatial dimensions

pr Precipitation kg m-2s-1 | mon, day | longitude, latitude

prc Convective Precipitation kg m-2s-1 | mon, day | longitude, latitude

psl Sea Level Pressure Pa mon, day | longitude, latitude

ta Air Temperature K mon longitude, latitude, qboi30
day longitude, latitude, plev8

tas Near-Surface Air Temperature | K mon, day | longitude, latitude, height2m

ua Eastward Wind m s-1 mon longitude, latitude, qboi30
day longitude, latitude, plev8

uas Eastward Near-Surface Wind m s-1 mon, day | longitude, latitude, height10m

va Northward Wind m s-1 mon longitude, latitude, qboi30
day longitude, latitude, plev8

vas Northward Near-Surface Wind | m s-1 mon, day | longitude, latitude, height10m

zg Geopotential Height m mon longitude, latitude, qboi30
day longitude, latitude, plev8

Author contributions. The protocol was initially designed by JAA, NB, SO, YK, KH, TS, and JHR. JAA, NB, and SO contributed to the text
and figures of the paper. The remaining authors provided input to the experimental design, provided model out and reviewed and edited the

manuscript.
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Table C2. Zonal-mean quantities, including Transformed-Eulerian Mean (TEM) momentum budget terms, monthly mean and daily mean.

Name Long name Units Table Spatial dimensions
epfy Northward Component of the Eliassen-Palm Flux m3s-2 | monZ, dayZ | latitude, gboi30
epfz Upward Component of the Eliassen-Palm Flux m3 s-2 | monZ, dayZ | latitude, gboi30
psitem Transformed Eulerian Mean Mass Streamfunction kg s-1 monZ, dayZ | latitude, qboi30
ta Air Temperature K monZ, dayZ | latitude, qboi30
ua Eastward Wind m s-1 monZ, dayZ | latitude, gboi30
utendepfd Tendency of Eastward Wind Due to Eliassen-Palm Flux Divergence m s-2 monZ, dayZ | latitude, qboi30
utendmp Tendency of Eastward Wind Due to Model Physics m s-2 monZ, dayZ | latitude, gboi30
utendnd Tendency of Eastward Wind Due to Imposed Relaxation m s-2 monZ, dayZ | latitude, qboi30
utendnogw | Eastward Acceleration Due to Non-Orographic Gravity Wave Drag m s-2 monZ, dayZ | latitude, gboi30
utendogw Eastward Acceleration Due to Orographic Gravity Wave Drag m s-2 monZ, dayZ | latitude, gboi30
utendvtem | Tendency of Eastward Wind Due to TEM Northward Advection and Coriolis Term | ms-2 monZ, dayZ | latitude, gboi30
utendwtem | Tendency of Eastward Wind Due to TEM Upward Advection m s-2 monZ, dayZ | latitude, gboi30
vtem Transformed Eulerian Mean Northward Wind m s-1 monZ, dayZ | latitude, qboi30
wtem Transformed Eulerian Mean Upward Wind m s-1 monZ, dayZ | latitude, gboi30
zg Geopotential Height m monZ, dayZ | latitude, gboi30

Table C3. Zonally varying gravity wave sources and tendencies, monthly mean and daily mean. Launch stresses for non-orographic waves

are requested at the model’s launch level (which varies by model).

Name Long name Units | Table | Spatial dimensions
taunoge Eastward Wind Stress Due to Non-Orographic Gravity Wave Drag Pa mon longitude, latitude, qboi30
Eastward Launch Stress Due to Non-Orographic Gravity Wave Drag day longitude, latitude
taunogn Northward Wind Stress Due to Non-Orographic Gravity Wave Drag Pa mon longitude, latitude, qboi30
Northward Launch Stress Due to Non-Orographic Gravity Wave Drag day longitude, latitude
taunogs Southward Wind Stress Due to Non-Orographic Gravity Wave Drag Pa mon longitude, latitude, qboi30
Southward Launch Stress Due to Non-Orographic Gravity Wave Drag day longitude, latitude
taunogw Westward Wind Stress Due to Non-Orographic Gravity Wave Drag Pa mon longitude, latitude, qboi30
Westward Launch Stress Due to Non-Orographic Gravity Wave Drag day longitude, latitude
tauogu Eastward Surface Stress Due to Orographic Gravity Wave Drag Pa day longitude, latitude
tauogv Northward Surface Stress Due to Orographic Gravity Wave Drag Pa day longitude, latitude
utendnogw | Eastward Acceleration Due to Non-Orographic Gravity Wave Drag ms-2 | mon longitude, latitude, qboi30
utendogw Eastward Acceleration Due to Orographic Gravity Wave Drag ms-2 | mon longitude, latitude, qboi30
vtendnogw | Northward Acceleration Due to Non-Orographic Gravity Wave Drag ms-2 | mon longitude, latitude, qboi30
vtendogw Northward Acceleration Due to Orographic Gravity Wave Drag ms-2 | mon longitude, latitude, qboi30

27




530

535

540

https://doi.org/10.5194/egusphere-2026-1165
Preprint. Discussion started: 6 May 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Table C4. Constituents and thermodynamics, monthly mean and daily mean.

Name | Long name Units Table Spatial dimensions

hus Specific Humidity kg kg-1 mon longitude, latitude, qboi30
monZ latitude, qboi30
dayZ latitude, qboi30

03 Mole Fraction of O3 mol mol-1 | monZ, dayZ | latitude, qboi30

tntmp | Tendency of Air Temperature Due to Model Physics Ks-1 monZ, dayZ | latitude, gboi30

tntrl Tendency of Air Temperature Due to Longwave Radiative Heating | Ks-1 monZ, dayZ | latitude, qboi30

tntrs Tendency of Air Temperature Due to Shortwave Radiative Heating | K s-1 monZ, dayZ | latitude, gboi30

Table CS. Circulation variables for analysis of equatorial waves (spectral analysis), 6-hourly instantaneous samples. These 3D variables are
requested on a pressure levels grid spanning the 150-0.4 hPa (~ 13-54 km) range, for which the pressures are a good approximation to a
model’s actual vertical levels. Hence the exact pressures will depend on the model, but the resulting grid is referred to in the data request
as gboiplevm. The lowermost requested altitude of 150 hPa (~ 13 km) differs from the lowermost requested altitude of 100 hPa (~ 16 km)
in Butchart et al. (2018), following Kawatani et al. (2025). Horizontal resolution should be at or as close as possible to the model’s actual

resolution. These variables may be provided in a 15°S—15°N channel to reduce data volume.

Name | Long name Units | Table | Spatial dimensions

ta Air Temperature | K 6hrPt | longitude, latitude, gboiplevm
ua Eastward Wind ms-1 | 6hrPt | longitude, latitude, gboiplevm
va Northward Wind | ms-1 | 6hrPt | longitude, latitude, gboiplevm
wap Omega (=dp/dt) | Pas-1 | 6hrPt | longitude, latitude, gboiplevm
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Table C6. Variables for analysis of the Madden-Julian Oscillation (MJO).

Table C7. Summary of variables added in QBOi phase-2. These variables were not part of the QBOi phase-1 data request described by
Butchart et al. (2018). All of these variable have already been included in Tables C1-C6, but are summarized here for the convenience of

modellers who have already implemented the phase-1 request. An additional change from the phase-1 request is that the lowermost requested

EGUsphere\

Name | Long name Units Table Spatial dimensions

pr Precipitation kgm-2s-1 | 3hr longitude, latitude

rlut TOA Outgoing Longwave Radiation | W m-2 day, 3hr | longitude, latitude
ua200 | Eastward Wind m s-1 day longitude, latitude, p200
va200 | Northward Wind m s-1 day longitude, latitude, p200
va850 | Northward Wind m s-1 day longitude, latitude, p850

altitude for variables in Table C5 (equatorial wave analysis) is 150 hPa (~ 13 km) instead of 100 hPa (~ 16 km) as in Butchart et al. (2018).

Name Long name Units Table Spatial dimensions

hus Specific Humidity kg kg-1 mon longitude, latitude, qboi30

pr Precipitation kg m-2s-1 | 3hr longitude, latitude

rlut TOA Outgoing Longwave Radiation W m-2 day, 3hr longitude, latitude

ua200 Eastward Wind m s-1 day longitude, latitude, p200

utendmp Tendency of Eastward Wind Due to Model Physics m s-2 monZ, dayZ | latitude, gboi30

utendnd Tendency of Eastward Wind Due to Imposed Relaxation m s-2 monZ, dayZ | latitude, gboi30

utendvtem | Tendency of Eastward Wind Due to TEM Northward Advec- | m s-2 monZ, dayZ | latitude, gboi30

tion and Coriolis Term

utendwtem | Tendency of Eastward Wind Due to TEM Upward Advection | m s-2 monZ, dayZ | latitude, gboi30

va Northward Wind m s-1 mon longitude, latitude, gboi30
day longitude, latitude, plev8

va200 Northward Wind m s-1 day longitude, latitude, p200

va850 Northward Wind m s-1 day longitude, latitude, p850

(KGFZD-145-24-33), and was technically supported by the National Large Scientific and Technological Infrastructure—Earth System Nu-
merical Simulation Facility in China (https://cstr.cn/31134.02.EL). SW and YK were supported by the MEXT Program for Advanced Studies
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