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Abstract. The equatorial resolved and parameterized wave forcing of the quasi-biennial oscillation (QBO) in models
participating in phase 2 of the Atmospheric Processes and their Role in Climate (APARC) Quasi-Biennial Oscillation
initiative (QBOi) is analyzed. We compare two experiments performed by the multi-model ensemble, NoNudge and
ObsQBO, covering the period from 1979 to 2020. In this study, NoNudge designates experiments where the QBO is
generated internally without nudging, whereas ObsQBO represents experiments in which the QBO is bias-corrected by
nudging stratospheric zonal-mean zonal winds toward ERAS, allowing investigation of modelling uncertainties originating

from biases in the background winds. While the NoNudge simulations exhibit QBO biases typically seen in models,
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including eastward wind bias in the mid-stratosphere and underestimation of the QBO amplitude in the lower stratosphere,
these discrepancies are effectively mitigated by nudging in ObsQBO simulations. In the NoNudge experiments, the models
reveal weaker Kelvin and gravity wave forcing in the tropical lower stratosphere than ERAS, but these forcings are enhanced
in the ObsQBO experiment, suggesting that weak wave forcing of internally generated QBOs results from reduced critical-
level filtering of waves due to unrealistically weak vertical wind shear at these levels. However, in ObsQBO experiments,
the models still exhibit insufficient Kelvin and gravity wave forcing in the lower stratosphere. This suggests that the weak
QBO amplitude in the lower stratosphere may stem from the inherent deficit in wave forcing in the models. One notable
feature of the ObsQBO experiments is the excessive eastward wave forcing in the mid-to-upper stratosphere during the
easterly QBO phase in the lower tropical stratosphere. The correlation coefficient between the 10 hPa eastward wave forcing
and westerly QBO amplitude is 0.8, indicating that excessive westerly QBO is associated with strong eastward wave forcing

in the mid-to-upper stratosphere.

1 Introduction

In the equatorial stratosphere, there is a phenomenon of alternating downward propagations of easterly and westerly
winds, known as the quasi-biennial oscillation (QBO), which accounts for most of the variability observed in the equatorial
stratosphere (Baldwin et al., 2001). The QBO influences various equatorial phenomena, such as the Madden-Julian
oscillation (MJO) (Jin et al., 2023; Yoo and Son, 2016), tropical convection (Andrews et al., 2024; Lee et al., 2019; Liess
and Geller, 2012; Rodrigo et al., 2025), and the semi-annual oscillation (SAO) (Smith et al., 2022; 2023). Moreover, the
influence of the QBO extends beyond the tropics, modifying the Brewer—Dobson circulation (BDC) (Veenus and Das, 2025)
and influencing the polar vortex via the Holton—Tan effect (Anstey et al., 2022; Garfinkel et al., 2012; Holton and Tan,
1980).

Because the QBO exerts global-scale influences (via teleconnections), accurate prediction of the QBO is recognized
as an important factor for improving subseasonal weather predictions (Garfinkel et al., 2018). Moreover, because the QBO is
expected to change in response to the warming climate (Lee et al., 2024; Richter et al., 2022), accurate simulation of the
QBO is crucial for producing reliable future-climate projections of its impacts. However, it is well known that generating a
realistic QBO in atmospheric models remains highly challenging. In the Coupled Model Intercomparison Project phase 6
(CMIP6), only approximately half of the general circulation models (GCMs) were able to simulate the QBO, and its spatial
characteristics were not significantly improved compared to CMIP5 (Richter et al., 2020). In phase 1 of the Atmospheric
Processes And their Role in Climate (APARC) QBO initiative (QBOi), which provided the first comprehensive multi-model
intercomparison of QBO resolving GCMs, including an analysis of QBO wave driving (Holt et al., 2022)". It was found that

! QBOi phase-1 studies are collected in a QBO Modelling Intercomparison Special Issue available at

https://rmets.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1477-870X.gbo-modelling-intercomparison.
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GCMs in the QBOIi multi-model ensemble exhibited common biases when compared with the observed QBO, such as weak
easterly phase amplitude near 50 hPa (Bushell et al., 2022). While these systematic biases are now well known, their specific

causes are not well understood.

The downward propagation of the QBO is mainly driven by momentum deposition from equatorial waves (Holton
and Lindzen, 1972; Lindzen and Holton, 1968; Match and Fueglistaler, 2021; Plumb and Bell, 1982) and tropical upwelling,
which is part of the BDC, partially offsets the wave-driven QBO descent (Pahlavan et al., 2021a). The descent of the easterly
QBO (EQBO) is mainly driven by gravity waves (GWs), whereas the descent of the westerly QBO (WQBO) is largely
driven by both Kelvin waves and GWs (Kang et al., 2018; Kim and Chun, 2015b; Pahlavan et al., 2021b). Additionally,
extratropical Rossby waves and GWs contribute to driving the BDC including its tropical upwelling (Kang et al., 2020b).
Therefore, a realistic representation of wave propagation and dissipation in the global middle atmosphere is required to

accurately simulate the QBO.

Despite the importance of accurately representing wave dynamics, it is unclear which components of wave forcing
in GCMs are unrealistic and how they could be improved. One reason for this is the difficulty in identifying the origins of
uncertainties in wave forcing. The wave forcing in the equatorial stratosphere is influenced by both the wave source and
background wind. Holt et al. (2022) compared the wave forcing in 13 models and found that strong convectively coupled
Kelvin waves (CCKWs) do not guarantee strong resolved eastward mean-flow forcing in the equatorial stratosphere.
Because the background winds differ among the models, it is difficult to identify the reasons underlying these findings.
Furthermore, the drag of the non-orographic GW (NOGW), which is essential for driving the QBO in most GCMs, diverges
in the QBOIi models; however, the underlying cause remains unexplored (Bushell et al., 2022). Consequently, it is unclear
whether the uncertainties in resolved and unresolved wave forcing originate mainly from the wave sources, the background

winds, the mechanisms of wave dissipation in the stratosphere, or all of these.

One possible approach to address one of these factors is to nudge the model-led equatorial stratospheric zonal wind
toward the observed wind to isolate uncertainties originating from the background wind (Garcia-Franco et al., 2023). The
phase-2 of QBOi provides a multi-model framework to evaluate how systematic QBO biases influence wave dynamics and
simulated climate responses (Anstey et al., 2026). In QBOi phase-2, nudging experiments were conducted in which the zonal
wind in the equatorial stratosphere was nudged toward ECMWF Reanalysis v5 (ERAS; Hersbach et al., 2020). The purpose
of the present study is to address two key questions. First, to quantify the extent to which realistic background zonal wind
can improve modelled equatorial wave forcing. Second, to quantify the residual biases in wave forcing that remain under the
accurate background wind condition. The remainder of this paper is structured as follows. Section 2 describes the data and
methodology. The results are presented in Section 3, and the discussion is presented in Section 4. Finally, Section 5 presents

a summary and conclusion.
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2 Data and methodology
2.1 Models

In this study, Expl and Exp1-ObsQBO experiments of QBOi phase-2 are used. Expl is essentially the Atmospheric
Model Intercomparison Project (AMIP) experiment, which was conducted over 42 years from 1979 to 2020. The 41-year
dataset from 1980 to 2020 is used in GFDL-ESM4. The sea surface temperature (SST) and sea ice from CMIP6 are
prescribed. Because Expl does not include zonal wind nudging, the QBOs exhibited by the QBOi models in this experiment
are generated internally. In the Exp1-ObsQBO experiment, the zonal-mean zonal winds in the models are nudged toward the
zonal-mean zonal winds of ERAS in the equatorial stratosphere. Equatorial waves in the troposphere are not constrained by
the nudging. However, because full-field nudging is applied to three models (E3SMv2 (Golaz et al. (2022), EC-Earth3, and
GFDL-ESM4), equatorial waves with periods longer than the relaxation timescale (5 days) may be constrained to follow
ERAS when they propagate into the tropical stratosphere. In this study, 11 QBOi models are used, and each model provided
1-3 ensemble members. Detailed information is provided in Table 1. Some details of model resolution and physics, and
references to model documentation papers, are provided by Anstey et al. (2026). Expl and Exp1-ObsQBO are denoted as
NoNudge and ObsQBO hereinafter, respectively.

Table 1: Summary of the QBOi phase-2 models used in this study. The numbers indicate the number of ensemble members for each
individual QBOi model. F denotes that the model used full-field nudging. H denotes that the model provided high-frequency data (6-
hourly). GRIMs4.0 did not submit the Expl experiments because it does not internally generate the QBO. EC-Earth3 high-frequency data

are available following a 1.5° regular latitude-longitude remapping.

o Ensemble size
Model Institution ObsQBO NoNudge
HBCC-CSM2-MR | China Meteorological Administration 3 3
CAS-ESM Institute of Atmospheric Physics Chinese Academy of Sciences 3 3
HFE3SMv2 Lawrence Livermore National Laboratory 3 3
HFEC-Earth3 EC-Earth Consortium 1 1
FGFDL-ESM4 Geophysical Fluid Dynamics Laboratory 3 3
HGRIMs4.0 Seoul National University 1 -
HadGEM3GA7-1 Met Office Hadley Centre 3 3
HLMDz6 Laboratoire de Météorologie Dynamique 3 1
HMIROCS.1, pl Japan Agency for Marine-Earth Science and Technology 3 3
HMIROCS.1, p2 Japan Agency for Marine-Earth Science and Technology 3 3
MRI-ESM2.0 Meteorological Research Institute 3 3
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2.2 Reanalyses and observation data

We use ERAS data as a reference dataset. Because waves with short vertical wavelengths are filtered out when
using relatively coarse vertical resolution pressure-level data (Kim and Chun, 2015b), the model-level data are used in this
study. The horizontal resolution of ERAS is 0.25° with 137 vertical levels, and the time interval is 3 h. We performed the
analysis using the native resolution of ERAS. Modern-Era Retrospective analysis for Research and Applications, Version 2
(MERRAZ2; Gelaro et al., 2017) data are additionally used for the analysis of wave forcing, given that inconsistencies in the
momentum budget exist between reanalyses (Fujiwara et al., 2022; Serva et al., 2024). MERRA2 model-level data have a
horizontal resolution of 0.625° x 0.5° (longitude x latitude) with 72 vertical levels and a 3-hourly time interval. The Global
Precipitation Climatology Project (GPCP) Version 3.3 daily precipitation data are used as the reference dataset for the power

spectra of precipitation (Huffman et al., 2025). The horizontal resolution of the GPCP data is 0.5°.

2.3 Identification of the QBO phase

We use two different methods to define the QBO phases. The first approach is that the WQBO and EQBO phases
are classified using a QBO index (Kang et al., 2018; Lee et al., 2019; Naoe et al., 2025). The time series of the normalized
zonal wind is obtained by subtracting the climatology from the monthly averaged zonal wind at 30 hPa averaged between
5°N and 5°S and dividing it by the standard deviation. The months when the normalized zonal wind is greater than 0.5 are
classified as WQBO, whereas those when the normalized zonal wind is less than —0.5 are classified as EQBO. Second, the
descending westerly (DW) and descending easterly (DE) are defined as the onset of the westerly and easterly of the monthly
averaged zonal wind at 30 hPa averaged between 5°N and 5°S, respectively (Garcia and Richter, 2019; Lee et al., 2024).
Smoothing is not applied to define the QBO phases, unlike when calculating the QBO metrics. To avoid short-duration
oscillations of the wind about zero, cases in which the magnitude of the zonal wind does not exceed 2 m s! at each QBO

phase are neglected.

2.4 QBO analysis methods

To examine the QBO characteristics in the QBOi phase-2 models, the QBO amplitude, period, and latitudinal and
vertical extent are calculated, similar to the evaluation of the QBOi phase-1 models described by Bushell et al. (2022). To
define the QBO metrics, the time series of the five-month smoothed zonal wind averaged between 5°N and 5°S is used. In
cases where the three ensembles exist, the QBO metrics are obtained by calculating the metrics from the individual
ensembles and subsequently performing the ensemble mean. The calculation procedures for the individual QBO indices are

described below.
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2.4.1 QBO period

We calculate the QBO period using two methods: the fast Fourier transform (FFT) and QBO transition times (TT)
methods. For the FFT method, the period at each level is defined as the period at which the spectral peak of the time series of
the zonal wind occurs. Subsequently, the QBO period is obtained by averaging the periods obtained for all levels from 50 to
10 hPa. For the TT method, the times at which the zonal wind transitions from easterly to westerly winds at 10 hPa are
recorded, and the period for each QBO cycle is then estimated based on the intervals between these transition times. Detailed
explanations of the FFT and TT methods are provided in previous studies (Bushell et al., 2022; Lee et al., 2024; Richter et al.,
2022).

2.4.2 QBO amplitude

We calculate the QBO amplitude using two methods. First, the vertical structure of the QBO amplitude is obtained
based on Stockdale et al. (2022). From 1979 to 2020, the 10 most westerly and most easterly zonal-mean zonal winds at each
level are selected. These are then averaged to obtain the vertical profile of the amplitude of westward and eastward winds.
Second, the amplitude is measured based on the TT method, as described in Bushell et al. (2022). The eastward QBO
amplitude is defined as the maximum zonal wind at each level (10 and 50 hPa) reached between the onset of a westerly at 10
hPa and its subsequent transition to an easterly at 10 hPa. Conversely, the westward QBO amplitude is defined as the
magnitude of the minimum zonal wind reached between the onset of an easterly and its subsequent transition to a westerly.
The QBO amplitude for each cycle is then defined as the mean of its westward and eastward QBO amplitudes. The mean

QBO amplitude is obtained by calculating the amplitude for each QBO cycle and averaging them across all cycles.

2.4.3 QBO vertical and latitudinal extent

The vertical and latitudinal extent of the QBO is determined using the Bushell et al. (2022) method and is briefly
summarized as follows. The vertical extent of the QBO is determined using the QBO amplitude calculated by using the TT
method for each individual QBO cycle. The upper level is chosen as either the altitude at which the maximum QBO
amplitude occurs or 10 hPa, whichever is lower. A half level is identified at the altitude where the QBO amplitude is half of
the amplitude at the upper level. The distance between the upper and half levels is then defined as the vertical extent of the
QBO. The latitudinal extent is obtained from the full width at half maximum (FWHM) of the QBO amplitude within 20°,
derived from a Gaussian fit. In this study, the latitudinal extent is calculated using the time series of zonal wind anomalies
with the seasonal cycle removed. This is because the QBO amplitude at 50 hPa for NoNudge experiments is much smaller
than the seasonal cycle of the zonal wind in several models. When the Gaussian fit is applied to the raw winds without

removing the seasonal cycle, a physically reasonable QBO width cannot be obtained.
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2.5 Transformed Eulerian mean momentum equation

The detailed analysis of wave forcing in the models is conducted based on the transformed Eulerian mean (TEM)

equation (Andrews et al., 1987) in log-pressure coordinates:

ou - ., 0u 1
—=fv'-w'—+
at dz  ppacosg

VF + Xoew + Xnoew + Fyuaging + ReS, Q)

where f represents the modified Coriolis parameter, f = f — (acos¢)'1(ﬁcos¢)¢; V" indicates the residual meridional
velocity, defined as 7* = ¥ — pyt(pov'0'/0,),; po is the air density; a is the radius of the Earth; w* represents the residual
vertical velocity, defined as w* = W + (acos¢)~*(cospv’6’/ 0_Z)¢; and F and V - F represent the Eliassen—Palm flux (EPF)
and divergence of the EPF (EPFD), respectively, and F is defined as F = (0,F?, F?). The meridional and vertical

components of EPF are F® = p,acos¢ (i, % —u'v') and F% = poacosqb(f% —u'w’), respectively. Xpew and Xyogw

represent parameterized orographic and non-orographic GW drag, respectively, Fyyqging indicates the tendency due to

nudging, and Res is the residual term of the zonal momentum in Eq. (1).

To simplify the analysis of Eq. (1), it is rewritten as follows:

u — _
a_lt‘ = ADV + EPFD + Xparam + Ximbatance- 2)

where ADV is the zonal wind tendency caused by advection, defined as ADV = fo* — w* Z—Z; EPFD is the tendency due to

divergence of the EPF, which represents resolved wave forcing; )?pamm is the sum of Xy and Xyoew: and Ximparance iS

obtained by subtracting ADV, EPFD, and )?pamm from the zonal wind tendency.

2.6 Equatorial wave separation method

Equatorial wave separation is performed to quantify the individual resolved wave forcing in the QBOi models. The
methodology used here is revised based on Kim and Chun (2015a), with the addition of a classification for small-scale
gravity (SSG) waves. The detailed procedure is as follows. Initially, a 90-day window function is applied to all anomalies of
variables used to calculate the EPF (i.e., u’, v, w’, and 8"). The structure of the window function involves a sine component
for the first 30 days, unity throughout the middle 30 days, and a cosine component for the final 30 days. We then conduct a
two-dimensional Fourier transform on these variables to obtain the zonal (k) and frequency () spectra at each latitude. After
separating the symmetric and antisymmetric components, the calculation of the EPF is performed on each spectrum (Kim
and Chun, 2015a). To maintain the original variance, the EPF is multiplied by a factor of 1.5. EPFD is obtained using the
EPF for each wavenumber and frequency spectra. After the EPFD calculation is complete, if the wavenumber exceeds 20, it
is classified as SSG waves (Ern et al., 2021; Kim, 2025; Pahlavan et al., 2021b), whereas if it is below 21, it is classified as
planetary waves (PWs).
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PWs are categorized into Kelvin, mixed Rossby—gravity (MRG), Rossby, and inertia-gravity (IG) waves. For the

. . 20707
symmetric spectra, if |[F?'| < |F?2|, where F?' and F?? represent the first and second terms of F? = pyacos LA A
y p p Po -
z

u’w’) = F?1 4+ F?2_ respectively, spectral components with w < 0.75 cycle day™! and k > 0 are classified as Kelvin waves.

For the antisymmetric spectra, if F?1 x F?2 < 0, spectral components with 0.1 < w < 0.5 cycle day ' are classified as MRG
waves. From the remaining components that are not classified as Kelvin and MRG waves, those with w < 0.4 cycle day™!
are classified as Rossby waves. Finally, all remaining components, except for the diurnal and semidiurnal tides, are classified

as IG waves. Wave forcings of diurnal and semidiurnal tides are negligible in the QBO regime (not shown).
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3 Results
3.1 QBO characteristics in the QBOi models

The QBO characteristics in the QBOi models are compared with those of ERAS. Figure 1 shows the vertical
structure of the westward and eastward QBO amplitudes. In the NoNudge experiments, none of the models reproduce the
westward winds of ERAS between 10 and 50 hPa (Fig. 1a). At 10 hPa, the multi-model mean (MMM) of —33.0 m s is
much smaller in magnitude than that of ERAS (—42.2 m s™'). For the eastward QBO amplitude, the MMM is larger than that
of ERAS above 20 hPa. At 10 hPa, the MMM is 21.2 m s™!, substantially higher than the ERA5 value of 16.8 m s7'.
However, this difference is largely influenced by models with extreme amplitudes, such as CAS-ESM and GFDL-ESM4.
Excluding these two models reduces the MMM to 18.0 m s}, indicating that the discrepancy is smaller than that found for
the westward QBO amplitude. Between 20 and 30 hPa, the MMM is comparable to ERAS, reflecting the offset between two
models (CAS-ESM and GFDL-ESM4) with large amplitudes and the majority of models with smaller amplitudes. Below 30
hPa, the eastward QBO amplitude is smaller than that of ERAS, except for three models (CAS-ESM, GFDL-ESM4, and
MRI-ESM2.0). Table 2 presents the QBO amplitude calculated using the TT method. Because the GCMs exhibit both weak
westward and eastward amplitudes in the lower stratosphere (Fig. 1a), they produce weak QBO amplitudes (Table 2). At 50
hPa, only MRI-ESM2.0 lies within 1 standard deviation (SD) ¢ of ERAS (for eastward, westward, and QBO amplitude),

whereas the remaining models produce weaker QBO amplitudes.

In the ObsQBO experiments, most of the wind biases seen in the NoNudge experiments are mitigated, and the
vertical structure of the zonal winds in MMM and in most individual models closely resembles that of ERAS (Fig. 1b).
Specifically, the insufficient magnitude of the westward wind is substantially improved, with the MMM at 10 hPa increasing
from —33.0 to —39.1 m s'. The TT amplitude also shows notable improvements, with more than half of the models
distributed within 1o of the ERAS amplitude at both 10 and 50 hPa (Table 2). This result is expected given that full-strength
nudging is applied between 10 and 70 hPa (Anstey et al., 2026). However, the magnitude of the westward wind in BCC-
CSM2-MR is too weak, whereas the eastward wind in CAS-ESM is too strong (Fig. 1b). Although the 5-day nudging time
scale is employed, some models show incomplete relaxation toward ERAS winds, and the exact causes remain unclear. The
eastward QBO amplitude above 10 hPa does not differ substantially from that in the NoNudge experiments (Fig. 1b). This
behavior is consistent with the experimental design, in which the nudging coefficient is progressively reduced above 10 hPa,

becoming zero at 5 hPa.
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Figure 1: Vertical structures of the QBO amplitude in (a) NoNudge and (b) ObsQBO experiments. The zonal winds averaged between 5°S
and 5°N from 1979 to 2020 are used to calculate the QBO amplitude based on the Stockdale et al. (2022) method. The QBO amplitude is

obtained by averaging the 10 maxima and minima zonal winds at each level, which is then plotted as a vertical profile for the models (thin

coloured lines) and ERAS (thick black lines).

Table 2: Metrics of the QBO amplitude. Bold text indicates that the value is within 1 standard deviation of ERAS. Values in parentheses
denote the amplitudes of the WQBO and EQBO phases, respectively. The ERAS amplitudes are shown together with their +1 standard

deviation.
TT amplitude at 10 hPa (m s™) TT amplitude at 50 hPa (ms™)
Model NoNudge (W /E) ObsQBO (W /E) NoNudge (W /E) ObsQBO (W /E)
BCC-CSM2-MR 18.2 (8.1/28.3) 18.7 (8.7 /28.8) 8.4 (2.4/ 14.5) 10.7 (4.7/16.7)
CAS-ESM 24.9 (26.8 /22.9) 20.8 (23.3/18.4) 10.5(18.3/2.7) 12.5 (11.6 / 13.4)
E3SMv2 12.7 (5.3 /20.0) 20.1 (9.1/3L.0) 48(2.1/7.6) 12.8 (9.2 /16.4)
EC-Earth3 16.2 (8.9/23.5) 22.6 (11.3/33.9) 7.2(69/74) 14.2 (11.2/17.3)
GFDL-ESM4 18.0(24.2/11.9) 23.0 (14.9/31.1) 6.8 (11.0/2.6) 13.7 (11.1/16.2)
GRIMs4.0 No 21.8 (10.0/ 33.5) No 11.9 (8.6 /15.1)
HadGEM3GA7-1 25.4 (18.3/32.5) 22.8 (11.1/34.5) 9.4 (8.7/10.2) 143 (11.2/174)
LMDz6 22.7 (18.7/26.7) 22.6 (11.4/33.7) 65(5.5/7.5) 14.1 (11.2/17.1)
MIROCG. 1, pl 208 (163 /25.3) 21.6 (11.0/ 32.2) 52 (6.8/3.6) 13.5 (10.2/ 16.9)
MIROCS.1, p2 21.1 (14.0/28.2) 21.7 (10.8 / 32.7) 6.5(5.1/17.8) 13.5(10.1/16.9)
MRI-ESM2.0 20.0 (8.6 /31.5) 20.6 (8.3/32.9) 14.8 (12.2/17.5) 14.4 (10.4/18.3)
Multi-model mean 20.0 (14.9/25.1) 21.5(11.8/31.1) 8.0(7.9/8.1) 13.2 (10.0/16.5)
ERAS 23.242.2 (11.9£1.8 / 34.6£3.5) 14.6+1.5 (11.3£1.5/17.942.1)
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Metrics of the vertical and latitudinal extent of the QBO are shown in Table S1. The vertical depth of the QBO
varies among the models in the NoNudge experiments, ranging from 5.1 to 9.1 km. Five models have shallower QBOs than
ERAS, and five are close to ERAS5 (within 1o). The latitudinal widths of QBOi models are mostly smaller than those of
ERAS at 10 and 50 hPa. The metrics of all models agree almost universally with ERAS in the ObsQBO experiments; notably
the latitudinal extent at 50 hPa falls within 16 of ERAS across all models.

Table 3: Metrics of the QBO period. Bold text indicates that the value is within 1 standard deviation of ERAS. Values in parentheses
denote the durations of the WQBO and EQBO phases, respectively. The QBO periods of ERAS are shown together with their +1 standard

deviation.

(month) FFT period (50-10 hPa average) TT period (reference level: 10 hPa)

Model NoNudge ObsQBO NoNudge (W /E) ObsQBO (W /E)
BCC-CSM2-MR 20.4 25.4 22.9(54/17.5) 27.5(6.6/20.9)
CAS-ESM 29.6 28.0 30.1 (18.1/12.0) 27.4 (8.6 /18.7)
E3SMv2 22.5 28.0 39.7(7.9/31.8) 29.0 (9.0 /20.1)
EC-Earth3 22.9 28.0 22.4(8.1/14.3) 29.1 (9.7/19.4)
GFDL-ESM4 29.2 28.3 18.9 (12.1/6.8) 27.4 (11.3/16.2)
GRIMs4.0 No 28.0 No 29.1 (9.3/19.8)
HadGEM3GA7-1 30.3 28.0 30.4 (10.8 /19.5) 29.1 (9.8/19.3)
LMDz6 28.0 28.0 27.8 (14.3/13.5) 29.1 (10.0/19.1)
MIROCS.1, pl 26.7 28.0 30.0 (17.4/12.6) 29.1 (10.1/19.0)
MIROCS6.1, p2 26.4 28.0 27.0 (12.4/14.6) 29.1 (9.9/19.2)
MRI-ESM2.0 26.5 28.0 26.5(7.2/19.3) 29.1 (7.3/21.8)
Multi-model mean 26.3 27.8 27.6 (11.4/16.2) 28.6 (9.2/19.4)
ERA5 28.0 29.14+4.8 (10.0+2.4 / 19.1+4.8)

Table 3 presents the QBO period calculated using the FFT and TT methods applied to ERAS and the QBOi models.
The QBO period of ERAS reveals a longer duration for the easterly phase at 10 hPa, with a WQBO period of 10 months and
the EQBO period of 19.1 months. It is well recognized that the EQBO persists longer in the upper regime of the QBO
(Baldwin et al., 2001; Kim, 2025). Table 3 shows that HadGEM3GA7-1 is the only model that realistically simulates both
the period and phase asymmetry of the QBO in the NoNudge experiment (as defined by the period of both QBO phases and
the total period being within one standard deviation of ERAS). The QBO periods calculated using the TT and FFT methods
are similar for all models except E3SMv2 and GFDL-ESM4. To determine the QBO period using the TT method, the onset
of both westerly and easterly phases must be clearly resolved in the simulation, as in the observed QBO. If very weak winds
alternate between easterlies and westerlies in the model simulation, the TT method produces a biased estimate, thereby
diagnosing a shorter QBO period. In this study, cases where the wind between QBO cycles was less than 2 m s™' are
excluded to prevent the QBO period from being inaccurately measured due to excessively weak winds. However, in

E3SMv2, the QBO amplitude occasionally fails to exceed 2 m s™' (Fig. S1). Such weak amplitude limits the identification of
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distinct QBO cycles. Consequently, the application of the TT method to E3SMv2 leads to a longer QBO period than that
obtained using the FFT method (Table 3). For GFDL-ESM4, the EQBO amplitude is 11.9 m s7!, less than half of ERAS
(Table 2). The descent of the SAO frequently generates cases where the onset of the westerly exceeds the EQBO winds (Fig.
S1), which consequently shortens the QBO period calculated using the TT method (Table 3). Measurements calculated using
the FFT method is more robust against these model biases, allowing for a more consistent representation of the QBO period
in QBOi models (but without being able to distinguish separately the durations of the WQBO and EQBO phases). For
ObsQBO experiments, all models except BCC-CSM2-MR exhibit QBO periods of 28 months for the FFT method. The
periods for the TT method fall within 16 of ERAS for all models.

A summary of the QBO characteristics is represented by grading the models with respect to how closely they agree

with ERAS (Fig. 2 and Fig. S2). Following Bushell et al. (2022), the grade g is calculated as:

[m—myer|

g=1- 3)

30ref
Here m and m,..; are the model mean and the ERAS mean, respectively, and o, is the standard deviation of ERAS. When
the model and ERAS means are in perfect agreement, g = 1. Conversely, if the difference between the two exceeds 30,.f, g

is set to 0. Therefore, g values closer to 1 indicate better model performance.

The evaluation metrics include the same diagnostics evaluated in QBOIi phase-1: the QBO period, amplitude at 10
and 50 hPa, latitudinal extent at 10 and 50 hPa, and depth. Most of the metrics in ObsQBO experiments are similar to those
of ERAS5 (Fig. 2). For the QBO amplitude at 10 and 50 hPa, more than half of the models achieve a grade exceeding 0.67.
However, BCC-CSM2-MR, CAS-ESM, and E3SM still do not produce realistic QBO amplitudes (Table 2). Nevertheless,
considering that the grade of amplitude at 50 hPa is lower than 0.1 for all models except MRI-ESM2.0 in the NoNudge
experiments (Fig. S2), the ObsQBO results show much closer agreement with ERAS, as expected (Fig. 2). The mean grade is
improved in ObsQBO compared with NoNudge for all models, with the MMM increasing from 0.46 to 0.87. Consequently,
with the zonal winds constrained by nudging to closely follow ERAS5 in ObsQBO, biases in the background wind are
strongly reduced.

12
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Full QBO cycle Eastward phase Westward phase

Multi-model mean
BCC-CSM2-MR
CAS-ESM

E3SM

EC-Earth

GFDL-ESM4

|

=]

w
Grade

GRIMs4.0
—to04
HadGEM3GA7-1

LMDz6

MIROCS6.1, p1

0.99 . 0.75

MIROCS6.1, p2

MRI-ESM2.0

Figure 2: Quantitative grades comparing the QBOi models against ERAS for the ObsQBO experiments. A value of 1 indicates that the
model and ERAS agree perfectly. A value of 0 indicates that the model bias exceeds three times the standard deviation of ERAS. White
300 text indicates that these values are within one standard deviation of ERAS5. Detailed calculation processes are described in Section 3.1 and

following Bushell et al. (2022). Corresponding results for the NoNudge experiments are shown in Fig. S2.
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3.2 Tropical precipitation and wind power spectra

Next, the power spectra of the QBOi models are compared with those of the observations. The power spectra of
precipitation rate and zonal wind are calculated by applying a 90-day window to the daily mean data, centered on the middle
day of each individual month (Kang et al., 2020a). GPCP precipitation data for 23 years from 1998 to 2020 and ERAS zonal

wind data for 42 years from 1979 to 2020 are used as reference datasets.

3.2.1 Power spectral density of precipitation

Figures 3 and 4 present the power spectral density (PSD) of the precipitation for symmetric and antisymmetric
components, respectively. For the symmetric spectra, GPCP and ERAS5 exhibit dominant signals within the eastward-
propagating wave region, specifically between the equivalent depths of 8 and 40 m (Fig. 3). The CCKW signals are observed
in the equatorial troposphere (Chien and Kim, 2023; Lee et al., 2025; Wheeler and Kiladis, 1999), and they may serve as a
source of the eastward momentum required to drive the QBO. The ERAS signal closely resembles GPCP, although its power
spectra is comparatively smaller. In the NoNudge experiments, the eastward propagating wave signals in the models exhibit
a large distribution, as observed in previous studies (Holt et al., 2022; Lott et al., 2014). BCC-CSM2-MR presents
excessively strong power, whereas several models (CAS-ESM, EC-Earth3, LMDz6, and MIROC6.1-p2) present weaker
power. Two models (HadGEM3GA7-1 and MIROC6.1-p1) exhibit a coherent signal comparable to that observed. Although
the magnitude varies, the ratio of the raw power spectra to the background spectra, calculated following Wheeler and Kiladis
(1999), shows a peak around an equivalent depth of 40 m, confirming that wave organization is well-captured in the models.
For the antisymmetric spectra, a pronounced peak associated with the MRG waves appears in GPCP near the equivalent
depth of 40 m, and a similar feature is also observed in ERAS (Fig. 4). The observed MRG signal is not well represented in
most models, except for H)dGEM3GA7-1 and MIROC6.1-p1.

The differences between the ObsQBO and NoNudge experiments are very small in both the symmetric and
antisymmetric spectra. Several factors could contribute to this minimal impact on the spectra, despite the nudging of
observed QBO winds. First, there is a possibility that the representation of downward influence of QBO is weak in climate
models. Garcia-Franco et al. (2023) showed that even when nudging the QBO winds, insufficient stratosphere-troposphere
coupling could hinder surface impacts. Second, the power spectra in this study are averaged over a 23-year period, which
may suppress the QBO signals. However, when the power spectra are separated by individual QBO phases, the differences
remain negligible (not shown). Consequently, nudging applied in the equatorial stratosphere has a limited impact on the
tropospheric source, allowing the stratospheric wave forcing to be examined with minimal influence from changes in

tropospheric sources.
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Figure 3: Power spectral density (PSD) results for symmetric components of the precipitation rate in (left) NoNudge, (center) ObsQBO

experiments, and (right) their differences, shown as a function of zonal wavenumber and frequency averaged between 10°N and 10°S. The

PSD for precipitation rate is averaged between 1998 and 2020. The PSDs of ERAS5 and GPCP are plotted as references. The black dashed

lines present the dispersion relations of each equatorial wave for the equivalent depths of h = 8, 40, and 240 m. “cpd” indicates the cycles

per day. The green contours indicate values where the ratio of the raw power spectrum to the background spectrum, calculated following

Wheeler and Kiladis (1999), exceeds 1, with a contour interval of 0.2.
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Figure 4: Same as Fig. 3 but for antisymmetric components.
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3.2.2 Power spectral density of the zonal wind

Figure 5 shows the PSD for the symmetric components of the daily-mean zonal wind at 50 hPa. In the NoNudge
experiments, the power spectra of the models have magnitudes comparable to those of ERAS, and the spectral peaks of all
models are located between the equivalent depths of 40 and 240 m. These results differ from the finding that the PSDs of
precipitation widely vary, which is attributable to the fact that the wave signal in the equatorial stratosphere is influenced not
only by the wave source but also by the background winds (Holt et al., 2022). A notable feature in the nudging experiments
is the suppression of the eastward-propagating wave signal in the ObsQBO compared to NoNudge, except for CAS-ESM. As
the PSDs of zonal wind at 100 hPa exhibit negligible differences (not shown), the increased westerly wind in the lower
stratosphere in ObsQBO may filter eastward-propagating waves more strongly than in NoNudge. Notably, in the three
models where full-field nudging is applied (E3SMv2, EC-Earth3, and GFDL-ESM4), overall wave signals are weakened in
ObsQBO more strongly than in the other models (Fig. 5), suggesting a possible damping effect on wave development by
full-field nudging, and noting that much of the weakening occurs for frequencies less than 0.2 cpd (recalling that the nudging

timescale is 5 days).

The power spectra of the zonal wind for antisymmetric components are shown in Fig. 6. The MRG wave signals in
the NoNudge experiments are well represented in the models, exhibiting a spectral peak at an equivalent depth of 40 m.
Notably, several models (CAS-ESM, LMDz6, and MIROC6.1-p1) exhibit a stronger MRG wave signal than that in ERAS,
although their precipitation spectra are smaller than those of ERAS (Fig. 4). While the wave filtering by the background
wind may contribute to this phenomenon, another potential source is the in-situ generation of planetary waves near the QBO
jet (Garcia and Richter, 2019; Kang et al., 2020a; Lee et al., 2024; Maho et al., 2025). Unlike the symmetric spectrum,
nudging produces inconsistent effects on MRG waves across the models, leading to either suppression or amplification. One
possible reason for this is the modulation of barotropic instability as the QBO amplitude and latitudinal extent are nudged
toward more realistic QBO structures. Garcia and Richter (2019) proposed that MRG waves are generated to neutralize the

instability of the westerly QBO jet.

To explore the potential relationship between MRG waves and the modulation of barotropic instability by nudging,

the frequency of the meridional gradient of the potential vorticity g in the equatorial stratosphere is investigated for

individual QBO phases. G is calculated as follows (Andrews et al., 1987):

. _ [@cos)g]l  a (pof? -
a9 = 2Qcos¢ [ acosp 1y po( N2 uz)z’ )

where (1 and N present the rotation of the Earth and Brunt—Vaiisilé frequency, respectively. Table 4 shows the modulation of
instability in five models (BCC-CSM2-MR, E3SMv2, LMDz6, MIROC6.1-p1, and MIROC®6.1-p2), which provided high-
frequency data (Table 1). Although EC-Earth3 also provided high-frequency data, it was excluded from the wave analysis
because the combination of a coarse remapped resolution and full-field nudging limits the diagnosis of equatorial wave

biases. During the WQBO phase, the probability of negative gy occurrences is reduced in four models (BCC-CSM2-MR,
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LMDz6, MIROC6.1-pl, and MIROC6.1-p2) when nudging is applied, whereas it increases in E3SMv2. The change in Gy is
predominantly governed by the change in the meridional curvature of the zonal wind (the second term in Eq. 4; not shown).
Concurrent with these responses, the MRG wave signal decreases in the four models, with the most evident decreases
observed in LMDz6 and MIROC6.1-p1, whereas it increases in E3SMv2 (Fig. S3). This relationship is unclear during the
EQBO phase (Table 4; Fig. S4). A possible explanation for the increased frequency of g in E3SMv2 is the improvement of
its underestimated WQBO amplitude through nudging (Table 2). Consequently, a realistic WQBO structure could be an

important factor to accurately reproduce the MRG waves in the equatorial stratosphere.
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Figure S: Power spectral density (PSD) results for the symmetric components of the zonal wind at 50 hPa for (left) NoNudge, (middle)
ObsQBO experiments, and (right) their differences, shown as a function of zonal wavenumber and frequency averaged between 10°N and
10°S. The PSD for zonal wind is averaged between 1979 and 2020. The PSD of ERAS is plotted as a reference. The black dashed lines
present the dispersion relations of each equatorial wave for the equivalent depths of h = 8, 40, and 240 m. “cpd” refers to the cycles per
day. The green contours indicate values where the ratio of the raw power spectrum to the background spectrum, calculated following

Wheeler and Kiladis (1999), exceeds 1, with a contour interval of 0.2.
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Figure 6: Same as Fig. 5 but for antisymmetric components.

17



395

400

405

410

415

420

https://doi.org/10.5194/egusphere-2026-2856

Preprint. Discussion started: 5 June 2026
(© Author(s) 2026. CC BY 4.0 License.

EGUsphere\

Table 4: Frequency of negative gy occurrence in the lower QBO regime (13°S-13°N, 30-70 hPa). Bold values indicate cases where the
probability of negative gy occurrence decreases in ObsQBO compared to NoNudge experiments. All values are shown as percentages.

BCC-CSM2-MR E3SMv2 LMDz6 MIROCS6.1, pl MIROCS6.1, p2
WQBO NoNudge 33 0.2 6.3 3.8 3.8
ObsQBO 2.5 0.5 3.7 1.5 2.2
EQBO NoNudge 0.7 0.1 3.8 5.1 34
ObsQBO 0.7 0.3 4.6 1.2 2.1

3.3 TEM momentum budget in the equatorial region

The momentum budget of the QBOIi models is examined through the individual TEM components (Eq. 2). Figure 7
shows the differences between the WQBO and EQBO composites of the TEM components. The TEM components during
the individual phases of WQBO and EQBO are shown in Figs. 8 and 9, respectively. The WQBO-EQBO difference in zonal
wind of MMM at 30 hPa is 20.8 m s™! in NoNudge, which is significantly smaller than 35.0 m s™! in ERAS (Fig. 7a), but the
WQBO-EQBO difference at 30 hPa increases to 32.7 m s in ObsQBO (Fig. 7f). The improvement in the vertical structure
of the EQBO via nudging accounts for this change (Figs. 8k and 9k). The most pronounced difference between NoNudge
and ObsQBO in the zonal wind tendency occurs below 30 hPa (Fig. 71). At 50 hPa, the models’ zonal wind tendency ranges
from 0.04 to 0.11 m s™! day ™' (except for 0.18 m s™! day ' in MRI-ESM2.0), which is much smaller than 0.17 m s™! day ™' in
ERAS (Fig. 7b). This reflects the poor downward propagation of the QBO in many of these models (Fig. S1) and their weak
QBO amplitudes in the lower stratosphere (Table 2).

The advection (ADV) (Fig. 7c) has a sign opposite to that of the zonal wind tendency (Fig. 7b), which corresponds
to the slowdown of the downward propagation of the QBO induced by tropical upwelling. The ADV is predominantly
controlled by vertical advection in the QBO regime (Figs. S5 and S6). In the lower stratosphere, the magnitudes of ADV in
models are much smaller in NoNudge experiments. This discrepancy is attributed to the smaller vertical wind shear during
the EQBO phase (Fig. S6). Nudging the zonal wind eliminates this bias (Fig. 9), aligning the ADV structure with ERAS (Fig.
7h).

In contrast to the ADV, the wave forcing terms have the same sign as the zonal wind tendency, confirming their
role as the primary driver of the QBO (Figs. 7b, 7d, and 7¢). All QBOi models show substantially weaker EPFD than ERAS
(Fig. 7d), with a particular difference in westward forcing (Figs. 8 and 9). In ObsQBO, the amplitude of the EPFD remains
smaller than that of ERAS (Fig. 7i) although it does increase slightly compared to NoNudge (Fig. 7n). Notably, the
magnitude of EPFD in MERRA2 is comparable to that in the QBOi models (Figs. 7d and 7i). In this study, the resolution in
the zonal direction of MERRA2 is 0.625°, which is coarser than that of ERAS. The horizontal resolution of ERAS is
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approximately 30 km (Hersbach et al., 2020), which is finer than that of any model used in this study, and this fine resolution
allows ERAS to explicitly resolve more SSG waves. SSG waves that are not fully resolved by GCMs can be represented
through the appropriate use of NOGW parameterization. In the NoNudge experiments, the vertical structure of )?pamm is
similar to the EPFD of ERAS (Fig. 7e). Furthermore, the zonal wind tendency in GCMs is primarily driven by )?pamm,

confirming that the QBO simulation depends strongly on the GW parameterization (Figs. 7b and 7e).

Nevertheless, the wave forcing is insufficient in the lower stratosphere to produce a realistic QBO, even with the
inclusion of )?pamm (Fig. 7a). Therefore, the improvement of the QBO in ObsQBO is driven by the nudging forcing. When
nudging is applied, the MMM of X, at 50 hPa increases from 0.07 to 0.13 m s™' day™', which could be explained by
enhanced vertical wind shear in the lower stratosphere that facilitates more critical-level filtering of vertically propagating
waves (Fig. 7j). Second, )?pamm at 10 hPa in NoNudge exhibits a large distribution, ranging from —0.08 to —0.54 m s™! day!
(Fig. 7e), which aligns with the findings of the QBOi phase-1 models (Bushell et al., 2022). Unlike in the lower stratosphere,
nudging leads to an increase in Xpamm in the upper stratosphere during the EQBO phase (Fig. 90). This is likely due to the
more realistic easterly wind during the EQBO phase, allowing for more eastward-propagating waves to propagate upward
and break (Fig. 9). The implications of this for the QBO amplitude are further discussed in Sect. 4.1.
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Figure 7: Differences between the westerly QBO (WQBO) and easterly QBO (EQBO) composites of the TEM components averaged
between 5°S and 5°N for (top) NoNudge, (middle) ObsQBO, and (bottom) their differences. From left to right, the panels show the (a, f, k)
zonal wind, (b, g, 1) zonal wind tendency, (c, h, m) time tendency of the zonal wind caused by advection, (d, i, n) resolved wave forcing,

and (e, j, o) parameterized GW forcing. For clarity, the TEM components in ObsQBO minus NoNudge are multiplied by two.
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Figure 8: Composites of the TEM components averaged between 5°S and 5°N during the WQBO phases for (top) NoNudge, (middle)
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the TEM components in ObsQBO minus NoNudge are multiplied by two.
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Figure 9: Same as Fig. 8 but for the EQBO phases.
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3.4 Equatorial wave forcing

The momentum budget analysis indicates that the discrepancies of GCMs relative to reanalysis mainly arise from
differences in wave forcing. Because wave forcing arises from multiple wave types, we use the equatorial wave separation
method based on Kim and Chun (2015a), as described in Sect. 2.6, to examine the contribution of each wave component. We
use five models (BCC-CSM2-MR, E3SMv2, LMDz6, MIROC6.1-pl, and MIROC6.1-p2) to analyze the equatorial wave

forcing. To focus on the analysis of wave forcing, the TEM equation is reformulated from Eq. (2) as follows:

2 = ADV + Xpyy + SSG + Kparam + Kimvatance = ADV + Koy + Xowmoaer + Kimbatance- (6)
Xpw = EPFD(k < 21), (7)

SSG = EPFD(k > 20), (8)

Kowmodaet = SSG + Xparam: ©)

where Xpy, and SSG represent the planetary wave forcing and the resolved small-scale GW forcing, respectively. X¢w modet

denotes the total GW forcing, calculated as the sum of the resolved and parameterized GW forcings.

While the magnitude of EPFD in ERAS is larger than that in QBOi models (Figs. 8 and 9), its magnitude is
insufficient to drive the QBO (Kim, 2025). To address this limitation, the reference GW drag, XGW.refs for validating

Xow modaer is defined as follows:
ou

XGW.ref = E_ADV_XPWJ (10)

ou

Xéw.ref = (E_A _XPW7 (11)

)MERRAZ
where XGW.ref is calculated for each reanalysis (ERAS and MERRA?2) by subtracting the sum of the zonal wind tendency
caused by advection and the planetary wave forcing from the total zonal wind tendency (Ern et al., 2021). Because the

variability of the residual vertical velocity in ERAS is known to be excessive compared to observations (Ming et al., 2025),
an additional reference GW drag Xgyy s, Which is calculated using Z—f and ADV from MERRA2 and Xpy, from ERAS

following an approach similar to that of Kim and Chun (2015b), is also presented.

3.4.1 Equatorial planetary wave forcing

Figures 10 and 11 show the equatorial wave forcing during the WQBO and EQBO phases, respectively. Below 50
hPa, Kelvin waves provide eastward forcing, whereas Rossby and MRG waves provide westward forcing regardless of the
QBO phase (Figs. 10 and 11). The westward and eastward forcings largely offset each other, and the residual westward
forcing acts in the upper troposphere and lower stratosphere (UTLS) (Figs. 8 and 9). Between 10 and 50 hPa, the magnitude
of the westward forcing by MRG and Rossby waves is smaller than that of GWs (Fig. 11). The relatively weak magnitude of
westward forcing by planetary waves implies that momentum deposition by GWs is the primary driver for the downward

propagation of the EQBO, in agreement with previous studies (Kang et al., 2018; Kim and Chun, 2015b; Pahlavan et al.,
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2021b). While MRG waves do not serve as the primary driver of the QBO, they play an important role in QBO dynamics by
alleviating instability near the QBO jet (Garcia and Richter, 2019) and by providing prerequisite conditions for the QBO
disruption event (Kang et al., 2020a). IG waves provide westward forcing in the westward wind shear zone during WQBO,

albeit with small magnitudes (Figs. 10d and 10k). In other cases, the magnitude of IG wave forcing is negligible.

The vertical structure of Kelvin wave forcing at altitudes above 70 hPa depends on the QBO phase. During the
WQBO phase, Kelvin waves provide eastward forcing below 20 hPa, with a magnitude comparable to that of GW forcing
(Figs. 10a and 10e). This indicates that Kelvin waves serve as one of the primary drivers for the downward descent of the
WQBO. In the WQBO phase, the Kelvin wave forcing in GCMs aligns well with reanalyses, and the impact of nudging on
its vertical structure is not strong (Fig. 100). During the EQBO phase, Kelvin wave forcing is close to zero between 30 and
50 hPa (Figs. 11a and 11h), which is associated with a westward wind shear region that is unfavorable for the breaking of
eastward-propagating waves (Fig. S6). Above 30 hPa, it provides eastward forcing, contributing to the onset and descent of
the WQBO in the upper EQBO region where wind shear is eastward (Fig. 9a). In the NoNudge experiments, the Kelvin
wave forcing is broadly overestimated between 10 and 50 hPa compared to the reanalyses during the EQBO phase (Fig. 11a).
By contrast, the eastward forcing bias in ObsQBO experiments is more vertically localized, with forcing intensifying sharply
near 10 hPa (Fig. 11h). At this level, the MMM of Kelvin wave forcing is 0.15 m s™! day !, which is approximately 60%
larger than that in ERAS. This discrepancy suggests that the improved representation of easterly winds through nudging
likely allows more eastward-propagating waves to reach the upper QBO region and dissipate. The strong eastward forcing in
the models arises because their Kelvin wave momentum flux exhibits more substantial dissipation than that of ERAS in the
upper stratosphere, regardless of the magnitude of the momentum flux in the lower stratosphere (Fig. S7). One possible
explanation is related to the limited vertical resolution of the models. Most GCMs used in this study have relatively coarse
vertical resolution in the upper stratosphere, exceeding 1 km (Fig. 2 in Anstey et al., 2026). Such resolution is insufficient to
adequately resolve Kelvin waves with short vertical wavelengths (Richter et al., 2014). The dispersion relation of tropical

Kelvin waves is as follows (Ern et al., 2009):

A Az

Cpx =——= _NZ (12)
where @ is intrinsic frequency; k and m are the horizontal and vertical wavenumbers, respectively; 4, is vertical wavelength;
Cpy is intrinsic horizontal phase speed. For N = 0.02s™ and A, = 4 km (~4Az), ,,, is approximately 13 m s™'. Therefore,

Kelvin waves with intrinsic phase speeds smaller than this speed are more affected by artificial dissipation. Nevertheless,

clarifying the detailed mechanisms is beyond the scope of this study and requires further investigation.
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Figure 10: Composites of wave forcings averaged between 5°S and 5°N during the WQBO phases for (top) NoNudge, (middle) ObsQBO,
and (bottom) their differences. From the left, wave forcings of (a, h, 0) Kelvin waves, (b, i, p) MRG waves, (c, j, q) Rossby waves, (d, k, r)
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Figure 11: Same as Fig. 10 but for the EQBO phases.
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While composite analysis based on WQBO and EQBO allows the examination of the wave forcing at QBO
boundaries, it has limitations in revealing the forcing when the QBO descends. The phase separation into descending
westerly and easterly components, as introduced in Sect. 2.3, provides an effective framework for examining wave forcing at
the specific moment of QBO descent. Figures 12 and 13 show the equatorial wave forcing during the DW and DE phases,
respectively. Except for the Kelvin wave, the magnitude of the wave forcing by other planetary waves is not substantial
between 10 and 50 hPa. During the DW phase, the Kelvin wave forcing in ERAS reached a local maximum of 0.30 m s™!
day ! between 30 and 40 hPa, whereas the MMM in the NoNudge experiments showed a significantly lower value of 0.13 m
s'' day! (Fig. 12a). In the ObsQBO experiments, the Kelvin wave forcing in the lower stratosphere is enhanced (Fig. 120);
however, the magnitude in most models remains lower than in the reanalyses (Fig. 12h). Nevertheless, LMDz6 and
MIROC6.1-p1 show magnitudes of 0.27 and 0.29 m s™' day ', respectively, which are comparable to that in ERA5. During
the DE phase, the planetary wave forcing within the QBO region, including Kelvin waves, is very weak in both NoNudge
and ObsQBO experiments, although MRG make a small contribution at 30—50 hPa (Fig. 13).
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Figure 12: Same as Fig. 10 but for the DW phases.
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Figure 13: Same as Fig. 10 but for the DE phases.

Figure 14 illustrates the equatorial wave forcing at 10, 30, and 50 hPa, summarizing the results presented in Figures

535 10-13. The characteristics of Kelvin wave forcing highly depend on the QBO phase. During the WQBO phase, Kelvin
waves provide eastward forcing necessary for the downward propagation of the WQBO. While the Kelvin wave forcing at

30 hPa is stronger in ObsQBO than that in NoNudge experiments, its magnitude remains insufficient compared to the
reanalyses. During the EQBO phase, Kelvin wave forcing is minimal in the mid-to-lower stratosphere, whereas at 10 hPa, it
provides the strongest eastward forcing among all planetary waves. In the ObsQBO experiments, the wave forcing of Kelvin

540 waves and GWs at 10 hPa is overestimated relative to the reanalyses during the EQBO phase. Rossby waves provide
westward forcing in all QBO phases. Despite their relatively small magnitude, Rossby waves provide the second-strongest
westward forcing at 10 hPa during WQBO, following GWs, potentially contributing to the weakening of the WQBO and the

onset of the easterly winds. The contributions of MRG and IG wave forcings are relatively minor.
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Figure 14: Composite of equatorial wave forcing averaged between 5°S and 5°N by Kelvin, MRG, Rossby, 1G, GW, SSG, and
parameterized GWs. The yellow and blue bars represent the NoNudge and ObsQBO experiments, respectively. The black solid lines
indicate ERAS values, gray solid lines indicate MERRAZ2 values, and black dashed lines indicate X, ¢w.rer Of ERAS.

550 3.4.2 Gravity wave forcing

Following the analysis of planetary wave forcing, we examine the GW forcing in the models and compare the
results with the reanalyses. Regardless of the QBO phase, ERAS is the only case in which the contribution of SSG to GW
forcing is strong, whereas in the models, the contribution of SSG is very small, and the GW forcing is dominated by )?pamm
(Figs. 10-13). Because a significant portion of the momentum required for the downward propagation of the QBO is
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provided by GWs (Fig. 7), the simulation of the QBO in the models relies strongly on non-orographic GW parameterization.
The vertical structure of GW forcing in the reanalysis datasets is similar during the WQBO (Fig. 10), whereas there are
quantitative differences during the EQBO (Fig. 11). This discrepancy arises from differences in vertical advection, which is
used to calculate XGW.refa between ERAS and MERRA2 (Fig. S6). This is consistent with a previous study that found that
inconsistency in vertical advection occurs among reanalyses (Fujiwara et al., 2022). The most pronounced discrepancy
occurs between 30 and 40 hPa during the DW phase, where the GW forcing in ERAS has a different vertical structure to that
in MERRA2 (Fig. 12e). The QBO-induced downwelling observed in ERAS5 overwhelms the tropical upwelling in the lower
part of the WQBO (Pahlavan, Fu, et al., 2021). This results in an abrupt reversal of the sign of vertical advection (not shown),
which introduces spurious distributions in XGW.ref- Given that the variability of w* in ERAS is excessive compared to
observations (Ming et al., 2025), Xy ror calculated using ERA5 data could reflect uncertainty associated with w*. To assess
this uncertainty, we calculate Xy e s using the planetary wave forcing of ERAS and the zonal wind tendency and advection
of MERRA2 (Eq. 11). The resulting Xz, ..; of ERAS is similar to Xy ,; of MERRA2, supporting the interpretation that

differences in vertical advection contribute to the discrepancies in Xy e 2

The vertical structure of GW forcing varies depending on the QBO phase. During the WQBO phase, GWs provide
eastward forcing below 30 hPa while contributing westward forcing above 30 hPa (Figs. 10e and 101). Above 30 hPa, the
magnitudes of X, in NoNudge are comparable to those in the reanalyses, whereas they are underestimated below 30 hPa
(Fig. 10e). In the ObsQBO experiments, GW forcing below 30 hPa increases and exhibits better agreement with the
reanalyses (Fig. 101), which results from nudging the background winds and thereby enhancing )?pamm (Fig. 10u). During
the EQBO phase, most characteristics exhibit the opposite of those observed in the WQBO phase. GWs provide westward
forcing below 30 hPa and eastward forcing above 30 hPa (Fig. 11¢). The westward forcing in NoNudge is very weak below
30 hPa, reaching —0.13 m s™! day ! for LMDz6. This value is considerably smaller in magnitude than —0.21 m s™! day! for
ERAS. The nudging leads to an enhancement of GW forcing in the lower stratosphere (Fig. 11s). The MMM at 40 hPa
increases by a factor of 3.3, from —0.04 to —0.15 m s™' day™' (Fig. 111). Similar patterns are evident during the DW and DE
phases: the GW forcing in the lower stratosphere is underestimated in the NoNudge experiments (Figs. 12e and 13e), and its

magnitude is substantially improved when nudging is applied (Figs. 12s and 13s).

While nudging appears to improve the GW forcing of the model in the lower stratosphere, its role differs in the
mid-to-upper stratosphere during the EQBO phase. In the NoNudge experiments, the X, of the models is comparable to
that of the reanalyses (Fig. 11e). However, it exhibits a significantly enhanced eastward forcing in ObsQBO (Figs. 111). This
change is similar to that observed in the Kelvin wave forcing (Fig. 110), and it is likely that the eastward wind bias is
alleviated by nudging, thereby allowing more eastward-propagating waves to propagate upward and deposit momentum.
These results suggest that both Kelvin and GWs provide excessive eastward forcing near 10 hPa associated with the QBO

onset, and the influence of this forcing bias on the QBO is discussed in Sect. 4.1.
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Additionally, the seasonality of GW forcing in the lower stratosphere is investigated. The periodic fluctuation of the
QBO is closely related to the variability of GWs, and the large portion of the westward GW forcing can be explained by its
seasonality (Kim, 2025). Figure 15 shows the seasonal variations of Xy, at 50 hPa and the maxima and minima of the zonal
wind between 200 and 85 hPa, averaged over 5°N and 5°S. In ERA5 and MERRA?2, the peaks of westward GW forcing
occur in May and October (Fig. 15a), which are the months when the largest westward forcing occurs during EQBO (Fig.
151). Such variability could be explained by the combination of the variability of the wave source and the zonal wind in the
UTLS (Kim, 2025). In the NoNudge experiments, none of the models captured the seasonal variation of GW forcing (Fig.
151). In the ObsQBO experiments, although the minimum westward GW forcing captured by the models occurs in May, it
does not closely resemble that seen in the reanalyses (Fig. 15k). Because the seasonal variation of zonal winds is relatively
well-reproduced in the models (Figs. 15b and 15d), these discrepancies may arise from uncertainties in GW parameterization.
Most GCMs assume vertically propagating GWs, which neglects the role of the lateral propagation of GWs (Kim et al.,
2024). In addition to the lack of observational constraints for NOGW parameterizations (Lott et al., 2024), uncertainties in
latent heating also contribute to the uncertainty in source-dependent NOGW momentum flux (Alexander et al., 2021; Lee et

al., 2022, Lee and Chun, 2025).

Climatological mean
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Figure 15: Seasonal cycles of (a, ¢, e, g, i, k) GW forcing at 50 hPa and (b, d, f, h, j, 1) zonal wind maxima (solid lines) and minima
(dashed lines) between 200 and 85 hPa, averaged between 5°N and 5°S, as a function of calendar month. The panels show the (top)
climatological mean, (middle) composite of the WQBO phase, and (bottom) composite of the EQBO phase. The green lines denote the
MMM.
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4 Discussion
4.1 Impact of equatorial wave forcing biases on QBO biases

Equatorial wave forcing biases may affect QBO biases because wave forcing is the primary driver of the QBO. One
of the major biases in wave forcing identified in this study is that Kelvin and gravity waves in ObsQBO experiments provide
excessive eastward forcing in the mid-to-upper stratosphere in GCMs (Figs. 11h and 111). To investigate their impacts on the
QBO, further analysis is conducted. Figure 16 presents the composite of TEM components at 10 hPa in the —6 to +6 months
lag period with respect to the occurrence of the onset of westerly and easterly winds at 10 hPa. When the onset of the
easterly wind occurs, the TEM components of QBOi models in ObsQBO generally capture the characteristics of ERAS,
although individual models diverge in their equatorial wave forcing (Figs. 16m—16p). By contrast, the models exhibit
systematic biases during the onset of the westerly wind. The MMM of advection during onset (lag = 0) is —0.1 m s~ day ™/,
which is slightly lower than 0.0 m s™! day™! in ERAS (Figs. 16¢ and 16g), but wave forcing in the models is generally biased
eastward compared to ERAS (Figs. 16d and 16h). Specifically, the equatorial wave forcing in the models ranges from 0.16 to
0.87 m s ' day! in ObsQBO, and all models except EC-Earth3 exhibit excessive eastward forcing compared to 0.25 m s
day ! in ERAS5 (Fig. 16h). The correlation coefficient between eastward forcing and the WQBO amplitude is 0.8 (Fig. S8),
suggesting that the eastward wind bias observed in the QBO simulations is likely to originate from an excessive eastward

wave forcing in the mid-to-upper stratosphere.
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Figure 16: Composite evolution relative to the onset of the (top) westerly and (bottom) easterly winds at 10 hPa. In each panel, the month
labeled “0” denotes the time when the zonal wind at 10 hPa averaged between 5°N and 5°S changes from easterly to westerly (top) and
625  from westerly to easterly (bottom). Each column represents the TEM components: zonal wind, time tendency of zonal wind, time tendency

of zonal wind caused by advection, and equatorial wave forcing, which is the sum of resolved wave forcing and parameterized GW forcing.
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Another common bias identified across the models is that the required wave forcing to drive the QBO in the lower
stratosphere is insufficient in NoNudge experiments (Figs. 8d—e and 9d—e). We investigate whether this lack of wave forcing
is directly linked to the underestimation of the QBO amplitude at 50 hPa (Fig. 17). In the NoNudge experiments, the wave
forcing averaged between 30 and 50 hPa (WFy30_50) is positively correlated (0.92) with the amplitude at 50 hPa (A so)
during the WQBO phase (Fig. 17b), whereas the W Fg5,_z( is negatively correlated (—0.75) with the Ags, during the EQBO
phase (Fig. 17¢). Wave forcing biases appear to be strongly coupled with QBO amplitude biases in the lower stratosphere.
However, these correlations alone are insufficient to demonstrate that the stronger wave forcing leads to a larger As,. Larger
QBO amplitudes are associated with strong vertical wind shear, which may in turn facilitate enhanced wave forcing. This
implies that QBO amplitude biases could also lead to wave forcing biases. Therefore, these results are insufficient to
distinguish between cause and effect. The correlations between WF;,_s, in the ObsQBO and As, in the NoNudge are
relatively weaker than those between WF;,_s and As, in the NoNudge (Figs. 17c and 17f), and the correlations are not
stronger than those between the QBO amplitudes at 10 hPa and 50 hPa in the NoNudge experiments (Figs. 17a and 17d).
The link between these two levels is consistent with the downward propagation of the QBO. Given the significant role of
wave forcing in the onset of the QBO at 10 hPa (Fig. 16), this suggests that the bias in the QBO amplitude at 50 hPa is likely

associated with the cumulative effects of wave forcing biases extending from the lower to the upper equatorial stratosphere.

Another notable feature is that the type of NOGW parameterization influences the correlation between WF3,_sq in
the ObsQBO and Agy. In models with fixed-source NOGW parameterization, the magnitude of the correlation between
WF;9_50 and Az is less than 0.1 (Figs. S9¢ and S9f). Conversely, in models with source-dependent parameterization,
models with stronger wave forcing tend to exhibit larger Az, (Figs. S10c and S10f). For the NOGW parameterization, the
GWD in the equatorial region is primarily determined by both the dynamical filtering by the background wind and the wave
source type (Lott et al., 2024). For the fixed-source NOGW parameterization, since the source is fixed and the background
wind is constrained to ERAS through nudging, the explicit relationship between the GWD bias of the model and the A5, bias
could be eliminated. However, because the sample size for each group is relatively small, these results should be interpreted

with caution.
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Figure 17: Scatter plots depicting the relationship between the QBO amplitudes at 50 hPa and 10 hPa (A5, and A;¢) in the NoNudge
experiments, and the wave forcing averaged between 30 and 50 hPa (WF;,_5,). The subscripts W and E denote the WQBO and EQBO
phases, respectively. The amplitudes are listed in Table 2. The y-axis in the top panels show the WQBO amplitudes at 50 hPa (4y54), and
the y-axis in the bottom panels show the EQBO amplitudes at 50 hPa (Agso). The x-axis in the panels (b, ¢) and (c, f) represents WF3,_s,
in NoNudge and ObsQBO experiments, respectively. Wave forcing is defined as the sum of resolved wave forcing and parameterized GW
forcing. Different symbols represent different types of NOGW sources. Triangles represent the source-dependent gravity wave
parameterization, and diamonds represent the fixed-source gravity wave parameterization. Statistical significance exceeds 90% when p is
larger than 0.58. BCC-CSM2-MR was excluded because its nudged QBO amplitude at 50 hPa is more than 20, smaller than that in
ERAS (Fig. 2).

4.2 QBO disruption

This study uses a 42-year dataset spanning from 1979 to 2020, which includes the 2015/16 and 2019/20 QBO
disruption events. None of the models simulate these events in their NoNudge experiments (Fig. S1), and the inclusion of
these events could contribute to the lower performance scores of the QBO metrics in the NoNudge experiments (Fig. S2).

When the analysis period is restricted to 1979-2009, consistent with Bushell et al. (2022), the QBO metrics improve
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compared to those calculated using the full period (not shown). Previous studies demonstrated that the primary source of
QBO disruptions is anomalous wave forcing (Kang et al., 2020a; Kang and Chun, 2021; Kang et al., 2022). The nudging
experiment is a useful tool for examining the wave dynamics during QBO disruptions (Wang et al., 2025), and it could also
help identify potential reasons why current models fail to reproduce these events. However, a detailed diagnosis of these

deficiencies is beyond the scope of this study and is left for future investigation.

5 Summary and conclusion

In this study, we analyzed the resolved and parameterized equatorial wave forcing using 11 QBOi models covering
the 42-year period from 1979 to 2020. The ObsQBO experiments, in which nudging is used to bias-correct the QBO zonal
winds, effectively mitigate the equatorial stratospheric wind biases found in the NoNudge experiments and exhibit improved
QBO period, amplitude, and vertical and latitudinal extent. The application of nudging limited to the equatorial stratosphere
has a negligible effect on the PSD of precipitation, which is linked to the tropospheric wave sources, indicating that bias
correction of the equatorial stratospheric winds has no substantial impact on tropical precipitation in these models. Through
the TEM momentum budget analysis, it is evident that the models lack sufficient forcing for realistic downward propagation
of the QBO in the lower stratosphere. Because the zonal wind tendency caused by advection in the nudged simulations aligns
closely with ERAS in the multi-model mean, insufficient wave forcing is implicated as the primary cause of weak QBO

amplitude in the lower stratosphere in the QBOi models, particularly in the EQBO phase.

In reanalyses, the downward propagation of the QBO is mainly driven by Kelvin and GWs during the WQBO phase
and by GWs during the EQBO phase, whereas the models in the NoNudge experiments exhibit insufficient wave forcing of
both Kelvin and GWs in the lower stratosphere. When nudging is applied, the wave forcing in the lower stratosphere
increases. This suggests that the weak wave forcing in the models is partly a result of weak vertical wind shear, which
prevents the waves from being dissipated at this level. However, it is notable that even when background winds are realistic
(due to the nudging), wave driving in descending westerly and easterly QBO shear zones is still underestimated compared to
the reanalyses. These findings indicate that the models inherently struggle to generate the wave forcing required for the
downward propagation of the QBO. Another impact of nudging is that models exhibit excessive eastward forcing for both
Kelvin and GWs during the EQBO near 10 hPa. Excessive eastward forcing likely leads to an overestimation of the WQBO
amplitude, potentially contributing to the eastward wind bias near 10 hPa commonly found in QBO-resolving models.
Furthermore, QBO amplitude biases at 10 hPa could influence the QBO structure in the lower stratosphere through
downward propagation. Therefore, these results highlight the need for improved physical realism in NOGW

parameterizations, together with a realistic representation of equatorial planetary waves in the equatorial stratosphere.
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