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1 | INTRODUCTION

We analyze the stratospheric waves in models participat-
ing in phase 1 of the Stratosphere-troposphere Processes
And their Role in Climate (SPARC) Quasi-Biennial Oscilla-
tion initiative (QBOi). All models have robust Kelvin and
mixed Rossby-gravity wave modes in winds and tempera-
tures at 50 hPa and represent them better than most of the
Coupled Model Intercomparison Project Phase 5 (CMIP5)
models. There is still some spread among the models, espe-
cially concerning the mixed Rossby-gravity waves. We at-
tribute the variability in equatorial waves among the QBOi
models in part to the varying horizontal and vertical resolu-
tions, to systematic biases in zonal winds, and to the consid-
erable variability in convectively coupled waves in the tro-
posphere among the models: only roughly half of the QBOi
models have realistic convectively coupled Kelvin waves and
only a few models have convectively coupled mixed Rossby-
gravity waves. The models with stronger convectively cou-
pled waves tend to produce larger zonal mean forcing due
to resolved waves in the QBO region. Finally we evaluate
the Eliassen-Palm (EP) flux and EP flux divergence of the
resolved waves in the QBOi models. We find that there is a
large spread in the forcing from resolved waves in the QBO
region, and the resolved wave forcing has a robust correla-

tion with model vertical resolution.

KEYWORDS
quasi-biennial oscillation, equatorial waves, wave-mean flow

interaction

The quasi-biennial oscillation (QBO) in equatorial lower-stratosphere zonal mean winds is a result of wave-mean flow
interaction between mean winds and tropical Kelvin, mixed Rossby-gravity, inertia-gravity, and small-scale gravity
waves (e.g. Lindzen and Holton, 1968; Holton and Lindzen, 1972; Dunkerton, 1997; Baldwin et al., 2001). The precise
partitioning of these various waves in the forcing of the QBO is still an area of active research. Observational constraints

on the contributions of various waves to the forcing of the QBO remain elusive for multiple reasons: (1) waves are highly
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variable in both space and time; (2) each observational technique can only measure a portion of the wave spectrum; (3)
estimates of momentum flux derived from observations rely on many assumptions, which results in large uncertainties
in the estimated flux. Geller et al. (2013) showed that while global spatial and temporal patterns of gravity wave absolute
momentum fluxes are similar in observations and high-resolution models, the magnitudes of the absolute momentum
fluxes derived from observations have large uncertainties. Global high-resolution modeling studies suggest that tropical
Kelvin waves provide approximately half of the eastward forcing for the QBO in eastward shear zones (e.g. Kawatani
et al.,, 2010; Holt et al., 2016). The rest of the eastward forcing in these studies was provided by small-scale gravity
waves, and in westward shear zones the majority of the westward forcing was provided by small-scale gravity waves.
Estimates based on observations also suggest that a large portion of the forcing for the QBO is provided by small-scale
gravity waves (e.g. Sato and Dunkerton, 1997; Ern and Preusse, 2009; Alexander and Ortland, 2010; Ern et al., 2014).

Regardless of the uncertainties in the contribution of the various equatorial waves to the driving of the QBO,
some atmospheric general circulation models (GCMs) have been able to obtain a QBO-like oscillation with various
tunings of different model parameters, some without nonorographic gravity wave parameterizations (e.g., Takahashi,
1996; Horinouchi and Yoden, 1998; Hamilton et al., 1999; Watanabe et al., 2008; Kawatani et al., 2010) and some with
this forcing (e.g., Scaife et al., 2002; Giorgetta et al., 2006; Kim and Chun, 2015). GCMs run at resolutions typical of
climate models must rely on nonorographic gravity wave parameterizations to provide the small-scale gravity wave
forcing required for the QBO, and this provides by far the largest tuning parameter for obtaining a realistic model QBO
(e.g., Scaife et al., 2000; Giorgetta et al., 2002; Richter et al., 2014; Schirber et al., 2014). Some of the other model
parameters that affect the simulated equatorial waves and model QBO-like oscillations are horizontal resolution (Holt
et al.,, 2016), vertical resolution (Boville and Randel, 1992; Anstey et al., 2016), horizontal diffusion (Scaife et al., 2002),
model lid placement (Lawrence, 2001; Osprey et al., 2013), and even the choice of dynamical core (Yao and Jablonowski,
2015). Since there seems to be many different parameters that affect the model QBO-like oscillation, it is important to

understand the sensitivity of the modeled QBO-like oscillation to model configuration.

The Stratosphere-troposphere Processes And their Role in Climate (SPARC) Quasi-Biennial Oscillation initiative
(QBOi) (Butchart et al., 2018) provides an opportunity to systematically look at the relationship between various model
parameters and the simulated QBO-like oscillations in many different climate models. Phase 1 of the QBOi consists of
five experiments that were designed to (i) evaluate the ability of GCMs to produce a realistic QBO-like oscillation under
present-day conditions, (ii) determine the robustness in the simulated responses to imposed climate forcing scenarios,
and (iii) examine model influence on QBO predictability (Butchart et al., 2018). In all, 17 GCMs participated in the QBOi
in some or all of the experiments. In this paper, we evaluate equatorial waves and wave forcing of the QBO in models
participating in Experiment 1.

This paper is organized as follows. In Section 2 we briefly describe the relevant experiments in the participating
QBOi models. In Section 3 we evaluate the model precipitation spectra. In Section 4 we evaluate Kelvin and mixed
Rossby-gravity waves in equatorial winds and temperatures. In Section 5 we analyze EP flux and EP flux divergence in
the QBO region with respect to various model parameters and tropospheric and stratospheric equatorial waves. Finally,
we provide a summary and closing remarks in Section 6.

2 | MODELS AND EXPERIMENT DESIGN

We evaluate equatorial Kelvin and mixed Rossby-gravity (MRG) waves in the precipitation, winds, and temperature
in the models participating in the QBOi that performed Experiment 1. For a detailed description of the participating

models, we refer the reader to Butchart et al. (2018). Briefly, for Experiment 1 each participating model completed
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4 LAURA A, HOLT ET AL.

TABLE 1 Models participating in Experiment 1 of the QBOi. Based on Tables 5 and 6 and Figure 5 in Butchart et al.
(2018). Vertical gridspacing (Az) is given for altitudes between approximately 10 and 25 km. When Az is not constant in
altitude, the range of vertical gridspacing is given.

Model Horiz. resolution | Az (10-25km) References
60LCAMS5 100 km 500-800 m Richter et al. (2014)
AGCM3-CMAM T47 500 m Scinocca et al. (2008); Anstey et al. (2016)
CESM1(WACCM5-110L) 1.25° x 0.94° 500 m Garcia and Richter (2019)
ECHAM5sh T63 600-700 m Manzini et al. (2012); Serva et al. (2018)
EMAC T42 600-700 m Jockel et al. (2005, 2010)
HadGEM2-A 1.875° x 1.25° 1-1.2km The HadGEM2 Dev. Team (2011)
HadGEM2-AC 1.875° x 1.25° 1-1.2km Kim and Chun (2015); The HadGEM2 Dev. Team (2011)
LMDz6 2.5° % 1.25° 0.9-1.1km Lott et al. (2005, 2012)
MIROC-AGCM-LL T106 550 m Kawatani et al. (2011)
MIROC-ESM T42 680m Watanabe et al. (2011)
MRI-ESM2 T159 500-700 m Yukimoto et al. (2012); Adachi et al. (2013)
UMGA7 1.875° x 1.25° 600-800 m Walters et al. (2017)
UMGA7gws 1.875° x 1.25° 600-800 m Bushell et al. (2015); Walters et al. (2017)

aone- to three-member ensemble of 30-year simulations using observed sea surface temperatures and seaice from
1 January 1979 to 28 February 2009. Experiment 1 is modeled after the Coupled Model Intercomparison Project
Phase 5 (CMIP5) experiment 3.3 (the Atmospheric Model Intercomparison Project (AMIP) (Taylor et al., 2012)). The

participating models are listed in Table 1.

3 | TROPICAL PRECIPITATION SPECTRA

Latent heat release in precipitating clouds is the primary source of vertically propagating stratospheric equatorial
waves (SEWs) that drive the QBO (e.g., Holton, 1972; Salby and Garcia, 1987; Garcia and Salby, 1987; Ricciardulli and
Garcia, 2000; Stephan and Alexander, 2015). Tropical cloudiness and precipitation also tend to organize into preferred
equatorial wave modes (Takayabu, 1994; Wheeler and Kiladis, 1999; Cho et al., 2004), and the dispersion characteristics
and structure of these convectively coupled equatorial waves (CCEWSs) resemble those of the dry SEWs predicted by
linear theory (Kiladis et al., 2009). SEWs and CCEWs are at least partly related, which is evidenced by the fact that SEWs
are often observed above CCEWs (e.g., Maury et al., 2013). However, the relationship between CCEWs and SEWs is not
straightforward, and substantial SEWs can be generated even when the convection is not organized (Garcia and Salby,
1987; Salby and Garcia, 1987). Furthermore, the coherencies between CCEWSs and SEWs diminish with increasing

altitude (Hendon and Wheeler, 2008), and temporal variations of Kelvin wave activity in the tropical tropopause layer
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(TTL) and the stratosphere tend to follow changes in propagation conditions instead of changes in Kelvin wave activity
in convection (Alexander and Ortland, 2010; Flannaghan and Fueglistaler, 2013). In this section we focus on evaluating
the ability of the QBOi models to reproduce the observed convection and CCEWs.

The model convective parameterization scheme has a large influence on the generation of SEWs that drive the QBO
(Horinouchi et al., 2003). To evaluate the convective parameterization in the QBOi models, we focused on precipitation
and followed the method described in Wheeler and Kiladis (1999) to produce background precipitation spectra as well
as the symmetric and antisymmetric components with respect to the equator, which reveal the CCEW modes (Matsuno,
1966; Kiladis et al., 2009; Garfinkel et al., 2017; Paldor et al., 2018). We used 10 years of daily mean precipitation with a
96-day window and 65-day overlap, which resulted in 114 windows over the 10-year period. The zonal and temporal
means were subtracted from each window and tapered in time before computing the fast Fourier transform. After the
fast Fourier transform was computed for each time window, the spectra obtained from each of the 114 96-day windows
were averaged in time and in latitude from 10°S-10°N.

Figure 1 shows the raw precipitation power spectra as a function of zonal wavenumber and frequency in cycles per
day (cpd) for the QBOi models and the Global Precipitation Climatology Project (GPCP). HadGEM2-AC and UMGA7gws
are virtually indistinguishable from HadGEM2-A and UMGA7, respectively, and are therefore not included in Figure 1
(as well as Figures 2-5 and Figures 7-10, for the same reason). As in previous studies that examined suites of climate
models (e.g., Horinouchi et al., 2003; Lin et al., 2006; Lott et al., 2014), there is a large spread among models in their
ability to simulate a realistic precipitation spectrum. As shown previously for observations from the Tropical Rainfall
Measuring Mission (Kim and Alexander, 2013), GPCP precipitation reveals a red spectrum that organizes strongly along
the-20 ms~" and 15 ms~! phase speed lines and has slightly more power at the westward zonal wavenumbers. For
westward waves this organization is not as tightly organized as it is for the eastward waves, but at least for frequencies
greater than 0.2 cpd it organizes close to the -20 m s~ line. All of the models show the preference for westward
propagating waves seen in GPCP to some degree. All of the models also organize to some degree along the 15ms~!
phase speed line for eastward propagating waves, but almost all of the models organize along phase speeds that are
slower than GPCP for westward propagating waves. 60LCAMS5 and CESM1(WACCM-110L) appear to have the best
representation of tropical precipitation.

The symmetric and antisymmetric components of the spectrum reveal the organization of tropical precipitation
into preferred modes. Again as in Wheeler and Kiladis (1999), we decomposed the precipitation spectra, P(¢), into
symmetric and antisymmetric anomalies with respect to the equator:

P(¢)symm = [P(¢) + P(_¢)]/2 (1)

P(¢)asym = [P(¢) - P(_¢)]/2 (2)

where ¢ is latitude. As in previous studies, we exclude the equator and latitudes directly adjacent to the equator in
the analysis (e.g., Hendon and Wheeler, 2008; Wheeler and Kiladis, 1999). This is a compromise between the best
representation of the Kelvin modes, which peak at the equator, and the MRG modes, which peak off of the equator.
Figure 2 shows the symmetric component of the precipitation spectra divided by the background spectra, and Figure 3
shows the antisymmetric component of the precipitation spectra divided by the background spectra (note the reduced
wavenumber range compared to Figure 1). The background spectra were obtained by smoothing the raw spectrain

Figure 1 with a 1-2-1 smoothing in frequency and wavenumber as described in Wheeler and Kiladis (1999). Dispersion
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curves for leading equatorial modes of variability (Matsuno, 1966; Garfinkel et al., 2017) are superimposed on the plots
using equivalent depths of 12, 25, and 50 m. Ratios higher than 1.1 are where the spectral power is significantly higher
than the background and can be interpreted as organized convection (Wheeler and Kiladis, 1999). The organization
of convection along the dispersion curves of theoretical equatorial modes implies coupling between these waves and
convection. Such waves are referred to as CCEWSs. In Figure 2 there is a large spread in the CCEWs in the QBOI
models, but most of the models do show at least some organization around the preferred equatorial modes in GPCP for
eastward propagating Kelvin waves. In general the models have smaller ratios than GPCP, indicating lower degrees of
organization in the models than in the observed precipitation. The models that have the most realistic organization
are the models that have the most realistic raw precipitation spectra with the best organization around the 15 ms~’
phase speed line (the 15 m s~" phase speed line in Figure 1 is essentially the 25 m equivalent depth curve in Figure 2). In
addition, we note that almost all of the models have some Madden-Julian Oscillation (MJO)-like signal (frequency less

than 1/30 cpd and wavenumber 1-5).

For the antisymmetric component of the spectra in Figure 3, about half of the models exhibit some organization
along the dispersion curves for the MRG modes (Matsuno, 1966; Paldor et al., 2018) as seen in GPCP. GPCP has a well
defined peak centered around the 25 m equivalent depth contour, indicating that MRGs organize a significant portion of
the precipitation variability, along with eastward propagating inertio-gravity waves (EIGs, Kiladis et al., 2016). None of
the models shows this level of organization, although 60LCAM5 comes close and CESM1(WACCM-110L), MIROC-ESM,
and ECHAMS5sh have a moderate level of organization of both MRGs and EIGs as well. Like symmetric spectra in Figure
2, the models that have organization that best matches the organization in GPCP are the models that have the most
realistic raw precipitation spectrain Figure 1.

To summarize, the QBOi models vary widely in their ability to simulate the overall variability in precipitation and
also in their ability to simulate convectively coupled waves, which is consistent with previous model comparisons (e.g.,
Horinouchi et al., 2003; Lin et al., 2006; Straub et al., 2010; Lott et al., 2014).

4 | KELVIN AND MRG WAVES IN EQUATORIAL WINDS

To analyze the Kelvin and MRG waves in equatorial winds, we analyze the spectra of zonal and meridional winds in the
QBOi models and compare them to those from the European Centre for Medium-Range Weather Forecasts Interim
Reanalysis (ERAI) (Dee et al., 2011). We chose ERAI simply for convenience, but the choice of reanalysis dataset should
not make a difference in the results. For example, Kim et al. (2019) showed that the spectrum of zonal and meridional
winds at 50 hPa is very similar among several reanalyses. To produce the spectrum of zonal and meridional winds, we
first tapered the zonal and meridional wind fields by a cosine function centered at the equator and crossing the zero line
at +10° and then averaged over the latitudinal band (10°S-10°N). We applied the cosine taper to the zonal wind to
extract the Kelvin waves and to the meridional wind to extract the MRG waves since the zonal wind is expected to be
symmetric about the equator for Kelvin waves and the meridional wind is expected to be symmetric about the equator

for MRG waves.

The spectra for the zonal wind at 50 hPa are shown in Figure 4 as a function of zonal wavenumber and frequency
in a log-log format. To preserve variance, each spectrum is multiplied by frequency and wavenumber. This method
of plotting the spectra has the advantage of giving the energy of the signal since it does not require removing the
background. Figure 4 shows that all of the QBOi models have substantial power with well defined maxima in both the
eastward and westward directions. In the westward direction, we know from Lott et al. (2009) that a substantial portion

of the signal is due to free planetary waves that originate from outside of the tropics. In the eastward direction, all
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models have strong signatures of Kelvin waves often exceeding the reanalysis, even models with little or no convectively
coupled Kelvin waves (CCKWs). That the Kelvin waves in the QBOi models are stronger than the reanalysis could be
in part because most of the QBOi models have an eastward bias in the lower stratosphere (see Bushell et al. (2019),
part of this Special Section). This is consistent with the same results from CMIP5 models in Lott et al. (2014), where the
models with a QBO showed significantly larger Kelvin waves than the others. In general, models that have the strongest
signatures of Kelvin waves in Figure 4 also have the strongest signatures of CCKWs in Figure 2. However the Kelvin
wave signal in Figure 4 is shifted to longer equivalent depth than in Figure 2. This is due to the fact that faster waves
have longer vertical wavelengths and are therefore less filtered by dissipative processes that are enhanced near critical
levels, where the phase velocity of the waves approaches that of the background wind. This filtering decorrelates the
waves in the stratosphere from the convectively-coupled waves at lower levels.

Although most models that have the strongest convectively coupled waves also have strong stratospheric waves,
there is one notable exception: the 60LCAM model almost has the strongest convectively coupled waves in Figure 2j
and almost the smallest Kelvin wave signal in Figure 4j (although in both figures 60LCAM compares well to both GPCP
and ERAI). We attribute this difference to the fact that this model has a systematic eastward zonal mean zonal wind bias
at 70 hPa (see Figure 1 in Bushell et al. (2019), part of this Special Section). This induces filtering for the eastward waves,
illustrating again how the mean wind can drastically enhance attenuation of the tropospheric signal. Another reason
that 60LCAM has strong CCKWSs and weaker stratospheric Kelvin waves compared to other models could be vertical
resolution. It is interesting that 60LCAM has the largest difference between tropospheric and stratospheric vertical
resolution (less than 0.5 km between 10-15 km and nearly 0.8 km between 20-25 km; see Figure 5 in Butchart et al.
(2018)). This will be discussed again in Section 5.2.

Figure 5 shows spectra for meridional winds at the equator at 50 hPa as a function of wavenumber and frequency.
Whereas few models showed substantial organization into MRG wave modes in Figure 3, in Figure 5 all of the QBOi
models have power in the westward direction with maxima near the dispersion curves for MRG waves as seen in ERAI.
Some models also have some EIG power, although this is lacking in ERAI. Note also that the MRG signal is shifted to
larger equivalent depth, or horizontal phase speed, compared to the convectively coupled waves, again consistent with
filtering. As with zonal wind spectra, many of the models have maxima in power that are substantially higher than seen
in ERAI. The models with the strongest signals (MIROC-AGCM-LL, MIROC-ESM, ECHAM5sh, CESM1(WACCM-110L),
and 60LCAMS5) are also the models that show the most organization of precipitation variability into MRG modes. A
good illustration is 60LCAM5, which has the largest convectively coupled wave signal and the largest stratospheric
MRG signal. This strong troposphere-stratosphere relation is probably favored by the eastward zonal mean zonal wind
bias that was detrimental to the 60LCAMS5 Kelvin waves in Figure 4 since this bias induces filtering for the eastward
propagating waves and not for westward propagating waves.

To characterize the spatial structure and the life cycle of the stratospheric equatorial waves we performed a
composite analysis of bandpass filtered fields as in Lott et al. (2014). The bandpass filter operates in the frequency-
wavenumber Fourier space and is shown in Figure 6 for MRG waves on the left and Kelvin waves on the right. The
bandpass filter shown in Figure 6 is applied to the spectra in Figures 4 and 5. Example spectra from ERAI at 50 hPa are
shown in 6. The left panel shows the westward part of meridional wind (v) symmetric spectrum and the right panel
shows the eastward part of zonal wind (u) symmetric spectrum. The filter largely contains the broadband spectral
maxima associated with Kelvin and MRG waves in ERAI, which guarantees that the filtered fields include them as well.
After the spectra are filtered by the bandpass filter in wavenumber-frequency space, we return to physical space.

To diagnose when a Kelvin wave is present at 50 hPa, we evaluate an index whose value equals the maximum of the
filtered zonal wind averaged in latitude between 10°S and 10°N, and identify the longitude, Ay, at which this maximum

occurs. The composites are centered on Ay, and built from averages over dates when maxima of this index exceed a
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given threshold. In each dataset the threshold is chosen so that around 30 events are selected, and the length of each
dataset for both the models and reanalysis is the same. We select a relatively small number of events to guarantee
independence among the selected wave packets, keeping in mind that each wave packet can have a life cycle that lasts
near a month. Since this number is rather small, we have verified that none of our results are affected by moderate
changes in the thresholds, provided that about the same number of dates are selected in each model (not shown). For
the MRG waves, we follow the same procedure but use the meridional wind, v, to define the index.

Figure 7 shows longitude-time composites of the zonal wind anomaly at the equator. All of the QBOi models
simulate substantial eastward propagating disturbances with wind maxima often exceeding 5 m s~'. Several of the
QBOi models have much larger wind anomalies than ERAI. The models with the largest wind anomalies tend to be the
models with the strongest CCKW signatures. Note here the rather large values in the 60LCAMS5 composite, apparently
contradicting the spectra in Fig. 4. This highlights the fact that the composite does not consider all dates but averages
the 30 largest wave events. Compared to the same results from CMIP5 in Lott et al. (2014) there is less spread among
models in phase speed.

Figure 8 shows longitude-latitude composites of temperature anomalies with horizontal wind vectors at O-day lag.
These confirm that the composites in Figure 7 are indeed showing Kelvin waves, since the disturbance horizontal wind
is zonal and in quadrature with the temperature. The signal in temperature is also quite substantial, reaching more
than 3K. Again the magnitude of the temperature anomalies in many of the QBOi models exceeds the magnitude of the
temperature anomaly in ERAL

Figure 9 shows longitude-time composites of the meridional wind anomaly at the equator. All of the QBOi models
simulate westward propagating disturbances that shift continuously toward the east, consistent with westward MRG
waves that have eastward group velocity. Once again, many of the models have wind anomalies that exceed the
magnitude of the wind anomaly in ERAL The longitude-latitude composite maps for horizontal winds and temperature
anomalies in Figure 10 confirm that these are indeed MRG waves and that there is also substantial variability among the
models.

5 | RESOLVED WAVE FORCING IN THE QBOI MODELS

The zonal force due to wave-mean flow interactions is typically described using the Transformed Eulerian Mean (TEM)

formalism (Andrews and Mclntyre, 1976). The zonal-mean zonal momentum equation in pressure coordinates is:

au  _, o(ucosg)| _,ou V-F —
ot " [f acos ¢ op v dp_acos¢+x )

where the wave forcing on the mean flow (zonal-mean acceleration) is proportional to the divergence of the Eliassen-
Palm flux (EP flux) vector (F):

1 1

O(Fpcosp) oF,
acos¢ " acos¢ op

acos¢op op

(4)

and u, v, w are zonal, meridional, and vertical pressure velocity, f is the Coriolis parameter, a is Earth’s radius, ¢ is
latitude, p is pressure, and X represents any other dissipative force. Overbars denote zonal means, and v* and w* define

the TEM or residual circulation.
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To examine the QBO zonal mean momentum budget, the terms from the TEM zonal-mean zonal momentum
equation (3) were computed following the method outlined for The Dynamics and Variability Model Intercomparison
Project (DynVarMIP) by Gerber and Manzini (2016a,b) (see Butchart et al. (2018) for further details). Figure 11
shows the zonal-mean acceleration due to EP flux divergence (Equation 4) for all resolved waves in the QBOi models
averaged between 10°S and 10°N as a function of pressure and time. This plot uses 10 years of monthly mean model
output between January 1990 and December 1999. Zonal acceleration due to EP flux divergence is shown in the color
contours, and the zonal-mean zonal wind is shown in the black contours. There is a large spread among the models in the
magnitude of forcing from resolved waves. All but one (MIROC-AGCM-LL) of the QBOi models rely on parameterized
nonorographic gravity wave drag to drive the QBO. In the models that rely on parameterized gravity wave drag, the
nonorographic gravity wave forcing ranges from being roughly equal to the resolved wave forcing to being many times
larger than the resolved wave forcing. For a comparison of the resolved wave forcing to the parameterized wave
forcing, we refer the reader to Bushell et al. (Paper 1, characterization of present-day QBOs) in this Special Section.
The zonal-mean forcing due to EP flux divergence is generally concentrated in the areas of highest vertical shear in the
zonal winds, near the zero-wind line, especially for eastward forcing. Eastward forcing is also larger than westward
forcing in most of the models except maybe for 60LCAM, which is also the model with largest MRG waves in Figure 5.
For the other models this is consistent with previous studies (e.g. Giorgetta et al., 2002; Kawatani et al., 2010; Holt et al.,
2016). Note also that this result can depend on the latitude range (if the average is performed close to the equator, the
westward forcing can be substantial). For example, Garcia and Richter (2019) showed that the resolved wave forcing
and paramaterized nonorographic gravity wave forcing at 25 hPa were approximately equal in CESM1(WACCM-110L)
when averaged over +2.36° latitude. This is discussed further in Section 5.1.

It is difficult to evaluate the wave forcing from models with respect to observations since we do not have global
observations of wave forcing for the entire spectrum of waves in the real atmosphere. One way to estimate the total
wave forcing is to evaluate the left hand side (LHS) of Equation 3 using reanalysis winds and temperatures. To do this
we use ERAI since it has a QBO-like oscillation that closely matches the observed QBO and compute the total zonal
force using the method described in Holt et al. (2016). Briefly, the method consists of evaluating du/dt as well as the
advective terms on the LHS of Equation 3, which in turn requires estimating v* and w*. This sum is assumed to equal the
total wave forcing on the RHS of Equation 3. Figure 12 shows the total zonal-mean zonal force estimated from the LHS
of Equation 3 using ERAI data compared to the resolved wave forcing in the QBOi models averaged over westward
(left) and eastward (right) shear zones and 10°S to 10°N as a function of pressure. Westward shear zones are simply
defined to be all instances when du/dz < 0 and eastward shear zones are all instances when du/dz > 0. Note that the
magnitude of the forcing in Figure 12 is not as large as those in Figure 11 as a result of averaging over the entire area

where du/dz < 0or du/dz > 0. As seenin Figure 11, the largest forcing concentrates in the regions of strongest shear.

To obtain a realistic QBO-like oscillation in models, the sum of the resolved and parameterized wave forcing
should be close to the ERAI total zonal-mean zonal force. This figure illustrates why all but one of the models require
parameterized gravity wave drag to obtain a QBO-like oscillation. The resolved wave forcing is typically two or more
times smaller than the estimated total zonal-mean zonal forcing required to obtain a realistic QBO-like oscillation.
Furthermore, the forcing in eastward shear zones is negative for some of the QBOi models, so that the parameterized
gravity waves must overcompensate to obtain the modeled QBO-like oscillations. Some of the features of this plot
might be different if different latitude bands were chosen. For example, some of the large negative values below 50 hPa
in the right panel of the plot are likely due to large forcing from tropical Rossby waves, which would not be present very

close to the equator.

Figure 13 shows the latitude-pressure distribution of the resolved wave forcing during descending eastward and

westward phases of the QBO in the QBOi models. The descending eastward phase is shown on the left side of each
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model panel, and the descending westward phase is on the right side of each model panel. The descending eastward
or westward phase is defined as the time when the eastward or westward winds reach 30 hPa. The composites are
constructed from monthly-mean output by averaging over the months that met the criteria for descending eastward or
westward phase. Overall there is better inter-model agreement during the descending eastward phase of the QBO.
The models generally show a broad arc of eastward wave forcing around the level of maximum vertical shear in the
zonal-mean zonal winds that increases in altitude with latitude. The magnitude of eastward forcing varies greatly as
was seen in Figure 11.

During the descending westward phase most of the models show an area of westward wave forcing that is more
confined in latitude to regions near the equator. CESM1(WACCM-110L) in particular but also ECHAM5sh and MIROC-
ESM have strong westward forcing in a narrow latitude band about the equator. In many of the models this region
of westward wave forcing is flanked by eastward wave forcing. These structural differences are overlooked when
considering only averages about the equator and may explain why many previous studies that average over a wider
latitude band suggest that eastward equatorial wave forcing is larger than westward equatorial forcing (Garcia and
Richter, 2019).

5.1 | Spectral decomposition of the resolved wave forcing

In this section we investigate the spectral distribution of the resolved wave forcing in the QBOi models. The components

of the EP flux vector can be computed as a function of zonal wavenumber, k, and frequency, w (Horinouchi et al., 2003):

R[VO] ou
06/3p 9p

Fo k. w) = acos¢>{ —‘R[UV]}

(5)

Fplk, w) = acosqb{ %,[VG] [f - :Z?;:dz

T ] - m[uW]}

where R denotes the real part and the tilde denotes the complex conjugate. U, V, W, and © are functions of k and w
such that Uk, w), V(k, w), W (k, w), and ©(k, w) are the two-dimensional Fourier transforms of u(A, t), v(A, t), w(A, t), and
8(A, t), where A is longitude and t is time.

Figure 14 shows the wavenumber-frequency spectrum of the vertical component of the EP flux vector, F,, averaged
over 10 years (except UMGA7 and UMGA7gws, which only had 6 years of 6-hourly files available) between 10°S and
10°N and over the pressure range ~85-70 hPa. Phase speed lines are also shown in the black contours. To compute the
EP flux spectra for the QBOi models, we used 6-hourly winds and temperature. We computed the fast Fourier transform
using a 72-day window and 12-day overlap, resulting in 60 windows over the 10-year period. After the fast Fourier
transform was computed for each time window, the windows were averaged in time and latitude from 10°S and 10°N
and over the pressure range ~85-70 hPa. We note that some positive flux appears at negative zonal wavenumbers
and some negative flux appears at positive zonal wavenumbers mostly because the phase speeds are relative to the
ground and not the background wind. There is a large inter-model spread in the magnitude of the EP fluxes and also in
the preferred phase speeds. This is consistent with Horinouchi et al. (2003), who also found a very large inter-model
spread in both the magnitude and preferred phase speeds of EP fluxes at 65 hPa. Additionally, some models tend to
have a narrow range of preferred phase speeds, while others have quite a broad range.

Observationally derived EP flux estimates show a double lobe structure in phase speed, meaning two lobes for
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eastward propagating waves and two lobes for westward propagating waves, with preferred phase speeds of +15 and
+45m s~ (Ricciardulli and Garcia, 2000). The double lobe structure becomes more pronounced at high frequencies.
High-resolution models also show a double lobe structure in phase speed (Holt et al., 2016). None of the models
have much of a double lobe structure for either eastward or westward propagating waves and instead tend to have
one preferred phase speed ranging anywhere from 5 to 50 ms~'. There is some evidence of a double lobe structure
emerging in the models with more power at higher frequencies, especially MIROC-ESM, but not at the observed phase
speeds. In general, the models that have higher preferred phase speeds tend to have more power concentrated at longer
wavelengths and lower frequencies, whereas the models that have the lowest preferred phase speeds have power that
extends more to the smaller scales. It is interesting to note that three models with very similar EP flux spectra with
more power at smaller scales (AGCM3-CMAM, EMAC, and MIROC-ESM) have very different precipitation spectra
and very different levels of CCKW organization. AGCM3-CMAM has no power at the smaller scales in Figure 1, weak
organization along preferred phase speed lines, and no organization into CCKW modes in Figure 2. EMAC has more
power at the smaller scales in Figure 1, some organization along preferred phase speed lines, and weak organization
into CCKW modes in Figure 2. MIROC-ESM has some power at the smaller scales in Figure 1, strong organization along
preferred phase speed lines, and strong organization into CCKW modes in Figure 2.

Figure 15 shows the wavenumber-frequency distribution of the resolved wave forcing near 25 hPa for different
shear zones in the QBOi models. The EP flux divergence was computed with Equation 4, where Fy (k, w) and F, (k, w)
were computed with Equation 5 with 6-hourly data. The left side of each model panel shows the resolved wave
forcing in strong westward shear and the right side of each model panel shows the resolved wave forcing in strong
eastward shear. Most of the models show a strong westward forcing at phase speeds between -20 and -5 m s~ but
with a wide range of zonal wavenumbers (typically between -10 and -1) and frequencies (typically less than 0.3 cpd).
60LCAMS5, CESM1(WACCM-110L), ECHAM5sh, LMDz6, MIROC-AGCM-LL, MIROC-ESM, and UMGA7 show peaks
at wavenumbers corresponding to the peaks in Figure 5 (typically near k=-5). These models also show convective
organization into MRG wave modes at the same wavenumbers in Figure 3. Some models also show eastward forcing
at low wavenumbers and frequencies during strong westward shear. There is better agreement among the model
forcing for strong eastward shear. Most of the models show forcing with preferred phase speeds near 20 ms~' and
between wavenumbers 1 and 10 and frequencies less than 0.45 cpd. Models with strong CCKW organization do
tend to show strong forcing along the 20 m s~! phase speed line (60LCAM5, CESM1(WACCM-110L), ECHAM5sh,
MIROC-AGCM-LL). Just as some models show eastward forcing during strong westward shear, some of the models
show westward forcing during strong eastward shear, particularly between westward (negative) wavenumbers 5 and
10. For example, CESM1(WACCM-110L) shows westward propagating waves centered around k=8. This has been
associated with RG waves excited by barotropic instability on the upper side of the eastward jet and has been discussed
in detail by Garcia and Richter (2019).

5.2 | Kelvinwaves and QBO forcing

Next we investigate the contribution of large-scale eastward propagating equatorial waves to the resolved wave forcing.
Figure 16 shows the zonal acceleration due to EP flux divergence from eastward propagating waves with wavenumbers
1 < k < 10 and frequencies less than 0.5 cpd as a function of pressure and time for 3 years. Note that the chosen
three years vary between models, depending on the periods when 6-hourly output was available. The 6-hourly EP
flux divergence spectra for each month are integrated over the above subset of the wavenumber-frequency domain
and then averaged from 10°S to 10°N. As with the total resolved wave forcing in Figure 11 there is a large spread

among the models in the magnitude of the large-scale eastward wave forcing, although all models do show at least some

This article is protected by copyright. All rights reserved.



335

336

337

338

339

340

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

362

363

364

365

366

367

368

369

370

372

373

374

375

376

377

12 LAURA A.HOLT ET AL.

large-scale eastward wave activity in the eastward shear zones, however small. Likewise as in Figure 11, the forcing
is generally concentrated around regions of high vertical shear in the zonal-mean zonal wind near the zero-wind line.
The magnitudes are also similar to what is seen in Figure 11, which implies that most of the eastward forcing is due to
eastward-propagating waves of k = 1 - 10.

There are some observational estimates of Kelvin wave forcing to compare to. For example, Alexander and Ortland
(2010) estimated with HIRDLS data that peak values in the monthly mean wave forcing due to Kelvin waves is around
0.5 m s~ " day~! between 20-10 hPa and around 0.2 ms~' day~' between 50-20 hPa. A few of the models do show
values that are consistent with the HIRDLS estimates, but many of the models are too low.

There does seem to be a relationship between the strength of the CCKWs and the magnitude of the large-scale
eastward wave forcing in Figure 16. This relationship has also been suggested by previous model intercomparison
studies (e.g., Horinouchi et al., 2003). In general the models that have stronger CCKW signals in precipitation in Figure 2
have greater eastward wave forcing in the eastward shear zones in Figure 16. However, there are exceptions to this
relationship. For example, 60LCAMS has the strongest organization of precipitation variability into Kelvin wave modes,
but the eastward wave forcing is relatively weak. As we pointed out at in Section 4, 60LCAM has a strong eastward bias in
the lower stratosphere. Interestingly, 60LCAMS5 also has the largest difference between tropospheric and stratospheric
vertical resolution (less than 0.5 km between 10-15 km and nearly 0.8 km between 20-25 km; see Figure 5 in Butchart
et al. (2018)). Other exceptions to this relationship appear to be LMDz6 and UMGA7. For example, LMDz6 has
stronger CCKWs than MIROC-ESM in Figure 2, but MIROC-ESM has much stronger Kelvin wave forcing in Figure 16.
Likewise, UMGA7 has stronger CCKWSs than EMAC in Figure 2, but EMAC has stronger Kelvin wave forcing in Figure 16.
LMDz6 and UMGAY7 have some of the coarsest vertical resolutions the QBO region (LMDz6~1.1 km, UMGA7~0.82 km)
compared to other QBOi models. Finally, there also seems to be a general dependence of the magnitude of eastward
forcing on the dynamical core. Models that have an Eulerian or Eulerian/spectral transform dynamical core (AGCM3-
CMAM, ECHAM5sh, EMAC, LMDz6, MIROC-AGCM-LL, MIROC-ESM) tend to have greater eastward forcing in the
eastward shear zones than models with a semi-Lagrangian/semi-implicit dynamical core (HadGEM2-A, HadGEM2-AC,
MRI-ESM2, UMGA7, and UMGA7gws). There is only one model with a finite volume dynamical core (CESM1(WACCM-
110L)) and one model with a spectral element dynamical core (60LCAMS5), so it is not possible to draw conclusions about
those dynamical cores. Next we will explore these model parameters more quantitatively.

Ideally to compare the wave forcing from different models, we would have identical wind profiles to control for the
differences in wave forcing due to differences in wind. Since the models are free-running, this is not the case. Instead
we compare the zonal forcing due to large-scale eastward propagating waves for similar zonal wind profiles. For wave
dissipation the location of the zero-wind line is the most important feature when comparing wind profiles. The left
plot in Figure 17 shows zonal-mean zonal wind profiles for the QBOi models when the zero-wind line is between about
17-13 hPa during a descending eastward shear zone. The right plot in Figure 17 shows the profile of zonal forcing due to
large-scale eastward propagating waves for the winds in the left panel. As shown in the figure, the wave forcing varies
greatly even in very similar wind profiles. It is extremely challenging to tease apart all of the variables in each model that
might contribute to the varying magnitudes of resolved wave forcing. However, one relatively straightforward variable
to investigate is model resolution.

Figure 18 shows how the wave forcing due to large-scale eastward propagating waves relates to model vertical and
horizontal resolution (different symbols denote different dynamical core types as described in the figure caption). The
wave forcing is calculated by averaging the profiles on the right side of Figure 17 between 26 and 10 hPa. Even though
the QBOi models have very different formulations, there is a clear relationship between the wave forcing and model
vertical resolution in the lower stratosphere (between 20-25 km). The Pearson correlation coefficient between wave

forcing and vertical grid spacing is -0.6, while the Pearson correlation coefficient between wave forcing and horizontal
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grid spacing is 0.3. Since we expect that the wave forcing should also vary inversely with horizontal grid spacing (e.g.,
Holt et al., 2016), the fact that there is instead a small positive correlation is perhaps a measure of the confounding
factors due to the complexity of the models. This suggests that the relationship between wave forcing and model vertical
resolution would be even stronger if the confounding factors were controlled for.

The importance of sufficient model vertical resolution for representing equatorial waves has been known for some
time. Boville and Randel (1992) showed that vertical resolution of less than 1 km was required to accurately represent
equatorial waves. Richter et al. (2014) obtained a realistic model QBO-like oscillation in CAM with a vertical resolution
of 500 m. They found that the model generated the realistic QBO-like oscillation even when the horizontal resolution
was 200 km as long as the vertical resolution was 500 m. Anstey et al. (2016) showed that vertical resolution of less than
1 km in the lower stratosphere was necessary for CMAM to exhibit a realistic QBO-like oscillation. Holt et al. (2016)
showed that a doubling of the vertical resolution resulted in a doubling of the wave forcing in strong westward shear,
whereas a factor-of-16 increase in horizontal resolution only quadrupled the wave forcing. Giorgetta et al. (2006) also
found that the simulated QBO-like oscillation in a GCM was much more sensitive to changes in vertical resolution than
horizontal resolution.

The right panel of Figure 18 shows the relationship between CCKWs in Figure 2 and wave forcing due to large-scale
eastward propagating waves in the QBO region. The strength of the CCKWs was computed as the average of the
ratio in 2 for wavenumbers between 1 and 10 and frequencies between 0.1 and 0.3 cpd. The Pearson correlation
coefficient between wave forcing and CCKW strength is 0.4. The exceptions to this apparent relationship discussed
above (60LCAM5, LMDz6, and UMGAY7) show up as clear outliers in the plot as well. In fact, if they are removed the
Pearson correlation coefficient goes up to 0.9, indicating a very strong relationship between the magnitude of wave
forcing in the QBO region and the strength of the CCKWs in the troposphere. Interestingly, there is no relationship
between the strength of CCKWs and vertical grid spacing in the troposphere (not shown). These results together
suggest that CCKWs do have an influence over the wave forcing in the QBO region, but the model needs to have
sufficient vertical resolution in the QBO region for this relationship to become apparent.

Figure 18 also shows that the wave forcing in models with a semi-Lagrangian/semi-implicit advection scheme does
tend to be lower than in models with an Eulerian/spectral transform advection scheme. CESM1(WACCM-110L) is the
only model participating in the QBOi with a finite volume advection scheme. It is interesting that CESM1(WACCM-110L)
has the strongest wave forcing considering that Yao and Jablonowski (2015) found the finite volume dynamical core did
not sustain a QBO-like oscillation and had weaker wave activity and forcing compared to Eulerian/spectral transform,
spectral element, and semi-Lagrangian versions of the same idealized model. It is worth noting that the idealized models
used by Yao and Jablonowski (2015) all had 2° horizontal resolution and 1.25 km vertical resolution in the stratosphere,
whereas CESM1(WACCM-110L) used ~ 1° horizontal resolution and 500 m vertical resolution in the stratosphere up
to about 10 hPa. Perhaps the increase in horizontal and vertical resolution leads to improvement in the representation
of dissipative processes. In any case, it is not clear whether the increased vertical resolution is needed to represent the
waves or to represent the wave-mean flow interactions accurately (or both).

6 | SUMMARY AND CONCLUSIONS

In this paper we evaluated equatorial waves and their role in driving the QBO-like oscillations in models participating in
the QBOi. The QBOi models vary widely in their ability to simulate the overall variability in precipitation and also in
their ability to simulate convectively coupled waves. This result is consistent with previous model comparisons (e.g., Lin

et al., 2006; Straub et al., 2010; Lott et al., 2014) and suggests that simulating precipitation variability and convectively
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coupled modes is still a major issue. 8 of the 13 QBOi models investigated here reasonably simulate convectively
coupled Kelvin waves, and only a few of the QBOi models investigated here reasonably simulate convectively coupled
mixed Rossby-gravity waves. In this sense, the ability of the QBOi models to simulate convectively coupled waves is
only slightly improved compared to CMIP5 and CMIP3 models. In general, there does not seem to be a relationship
between vertical resolution in the upper troposphere and the strength of the simulated convectively coupled waves.

Regardless of the major differences among the QBOi models with respect to precipitation variability and convec-
tively coupled waves, most of the QBOi models have robust Kelvin and MRG waves in the lower stratosphere and
represent them better than most of the CMIP5 models. Interestingly, while there does seem to be some correlation
between the strength of CCKWs and Kelvin wave forcing in the QBO region, the models with the strongest CCKWs
are not necessarily the ones with the strongest Kelvin wave forcing in the eastward QBO shear zones. The reasons
discussed were insufficient vertical resolution and a strong eastward bias in one of the models. This could also suggest
that convectively coupled waves may not have as strong of an influence on stratospheric equatorial waves as previously
thought. This is supported by recent research which suggests that filtering by the mean winds plays a large role in deter-
mining the momentum fluxes near the tropopause (Warner et al., 2005; Alexander et al., 2017). Another explanation
could be that convectively coupled waves tend to be rather slow and may be important only in the lower stratosphere,

whereas at higher levels, faster waves that are forced by convection, but not coupled to it, predominate.

Even though most of the QBOi models have robust Kelvin and MRG waves in the lower stratosphere, the wave
forcing in the QBO region is too low compared to the forcing required to drive the observed QBO. In all but one
(MIROC-AGCM) of the QBOi models, parameterized gravity waves provide at least half of the forcing for the QBO-like
oscillations (see Bushell et al. (2019), part of this special section). It is important to note that this is based on 10°S-10°N
averages. The lack of resolved wave forcing is common in climate simulations and is typically due to various factors such
as vertical resolution and implicit and explicit numerical dissipation. In the QBOi models, despite the varying setups,

vertical resolution emerged as a clear factor controlling the degree of wave forcing in the eastward QBO shear zones.
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FIGURE 1 Latitudinal mean (10°S-10°N) raw precipitation power spectra as a function of wavenumber and
frequency for (a)-(k) 11 QBOi models and (I) GPCP. Negative wavenumbers represent westward propagating waves.
Solid lines show the zonal phase speed Cy relative to the ground for -20ms~" and 15ms~".
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FIGURE 2 Symmetric component of the precipitation spectra as a function of wavenumber (wn) and frequency
(cpd) for (a)-(k) 11 QBOi models and (I) GPCP. Negative wavenumbers represent westward propagating waves.
Theoretical dispersion curves for equatorial waves with equivalent depths of 12, 25, and 50 m are also plotted,
assuming a zero wind basic state (as labeled in panel (a)).
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FIGURE 3 Antisymmetric component of the precipitation spectra as a function of wavenumber (wn) and frequency
(cpd) for (a)-(k) 11 QBOi models and (I) GPCP. Negative wavenumbers represent westward propagating waves.
Theoretical dispersion curves for equatorial waves with equivalent depths of 12, 25, and 50 m are also plotted,
assuming a zero wind basic state (as labeled in panel (a)).
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FIGURE 4 Spectra of the zonal wind at 50 hPa tapered in latitude by a cosine taper of 20° width centered at the
equator and then averaged in latitude over the equatorial band (contour interval: 0.05 m2s~2day~"). The thick solid
lines in the eastward direction are for the Kelvin wave dispersion curves with equivalent depths of 12 m, 25 m, 50 m,
and 200 m. In the westward direction the dashed lines are for the n = 1, 3 free planetary waves after application of a
Doppler spread by an eastward wind U = 15m s~ to take into account advection by the midlatitude winds.
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FIGURE 5 Spectra of the meridional wind at 50 hPa tapered in latitude by a cosine taper of 20° width centered at
the equator and then averaged in latitude over the equatorial band (contour interval: 0.1 m2s~2day~"). The theoretical
dispersion curves for MRG waves with equivalent depths of 12 m, 25 m, and 50 m are also shown in thick solid and for
200 min thick dashed.
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FIGURE 6 Left: Westward component of the 50 hPa spectra of the meridional wind (thin solid) and transfer
function used to extract the MRG waves (thick solid, contour interval=0.2). Right: Eastward component of the 50 hPa
spectra of the zonal wind and transfer function used to extract the Kelvin waves. For all models the filters are identical
but the spectra shown here are from ERAI data. To estimate the spectra, the fields are tapered in latitude by a cosine
taper of 20° width centered at the equator and then averaged in latitude over the equatorial band. Each year a
time-longitude periodogram is then made and the spectra is estimated by averaging the periodograms over the years.
The estimate of the spectra is further smoothed by applying a 1-2-1 filter 30 times in the frequency domain. This
smooths the signal over around 15 points, yielding a spectral resolution of around 4.1072 cpd.
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FIGURE 7 Time evolution of the zonal wind anomaly at the equator due to the passage of Kelvin waves at 50 hPa.
The contour interval is 1.5 m s, and blue colors are negative values. Values of 5ms~" and 10 ms~" are highlighted by
the black contours; the zero wind line is not shown. The thick dashed line represents the expected average uniform
displacement (~20 ms™').
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FIGURE 10 Longitude-latitude composite maps of winds and temperature anomalies for the MRG waves at 0-day
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FIGURE 15 Wavenumber-frequency distribution of the resolved wave forcing in 1076 ms~'day~" near 25 hPa
averaged over 10°S-10°N for westward QBO shear zones (left of each model pair) and eastward QBO shear zones
(right of each model pair). Phase speed lines are overplotted in black. Westward propagating waves are represented by
negative forcing and eastward propagating waves are represented by positive forcing.

This article is protected by copyright. All rights reserved.



LAURA A.HOLTET AL. 35

= 10 = 10
o o
= <
[J] [J]
5 5
[} [}
3 3
& 100 2 & 100 : :
Jun05 Jun06 Jun07 Jun05 Jun06 Jun07
- 10 CESM1(WACCM-110L) ~ 10 ECHAMSsh
o VAT TNy i g B TR
<, <, -
- P 2 -
= < B N )
[7] [7]
3 3
@ 100 @ 100
Jun06 Jun07 Jun08
_ — 10 HadGEM2-A
© © HIRRRA T
o o
= = F )
[0) [0) L o
5 3 3 ]
2 2 E ]
o - = <t Eo - . | ]
o 100 Q100 B 1o o ]
Jun05 Jun06 Jun07 Jun04 Jun05 Jun06
5 10 o odGEM2AC___ < 10 MDz6
o B - 325 o _
= <
[J] S [J]
5 5
[7] . - (7]
2 F . i 2
o B e comml U e | s o] o
100 Jun04 Jun05 Jun06 100 Jun05 Jun06 Jun07
— 10 MIROC-AGCM-LL _
© A b - == + YN ©
N . e %
= N N \ N 3 =
(4] o \ S 4 (0]
S RL SN ] g
7] £ Bl 7]
3 s - 1 3 = .
& 100 a 100 ' :
Jun05 Jun06 Jun07 Jun05 Jun06 Jun07
0 VRLESM2 s 0 oy
S B N NS S
< H h <
< F N . <
5 L 4 3
[} L 4 [}
] E : 3 3 : )
o 100 & R e o 100 &= :
Jun05 Jun06 Jun07 Jun97 Jun98 Jun99
T 10 e MGATgws —~
o L W N [ [ [ [ |
2 r SN -0.49-0.36-0.25 -0.16 -0.09 0 0.09 0.16 0.25 0.36 0.49
g b A o b [ms” day’]
a 100 T rmieean
Jun97 Jun98 Jun99
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contours with positive winds represented by solid lines and negative winds represented by dotted lines. The thick black
line is the zero-wind line, and the contour interval is 6.7 ms™'.
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FIGURE 17 Zonal-mean zonal wind profiles (left) and zonal acceleration (wave forcing) due to large-scale eastward
propagating waves (right) averaged over 10°S-10°N for periods when the zero-wind line was between 17-13 hPa.
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FIGURE 18 Zonal-mean zonal acceleration due to EP flux divergence from large-scale eastward propagating waves
averaged over 26-10 hPa as a function of model vertical (left) and horizontal (center) resolution and strength of
CCKWs (right). Model colors are given in Figure 17. Different symbols denote different dynamical core types. Circles
are Eulerian/spectral transform, triangles are semi-Lagrangian/semi-implicit, and squares are either finite volume
(CESM1(WACCM5-110L)) or spectral element (60LCAM5). Note that HadGEM2-A and HadGEM2-AC overlap.
Pearson correlation coefficients are also shown in each panel.
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The QBOi models vary widely in their ability to simulate equatorial waves and in the magnitude
of resolved wave-forcing contributing to the driving of the model QBO. In the QBOi models,
despite the varying setups, vertical resolution emerged as a clear factor controlling the degree
of wave forcing in the eastward QBO shear zones.

This figure shows how the wave forcing due to resolved large-scale eastward propagating
waves relates to model vertical and horizontal resolution.
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