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Abstract The quasi-biennial oscillation (QBO) of the tropical zonal mean wind is a prominent feature
of the tropical stratosphere. The easterly and westerly wind regimes alternate with a period of about 28
months. The QBO is believed to be forced by a combination of equatorial waves, in particular, Kelvin and
mixed Rossby-gravity waves, as well as smaller-scale gravity waves. Although the QBO is well observed and
basic forcing mechanism well understood, it has been a challenge to simulate in General Circulation Models
(GCMs). In this paper we examine the role of vertical resolution and gravity wave parameterization on the
simulation of the QBO in the Community Atmosphere Model, version 5. We show that in this model vertical
resolution of 500 m and adequate gravity wave drag are needed to obtain a realistic QBO. At 500 m
vertical resolution, CAM5 generates significantly more mixed Rossby-gravity and Kelvin waves as compared
to CAM5 with 700 m or 1200 m vertical resolution. These waves then contribute to the forcing of the easterly
and westerly phases of the QBO, respectively. In this work, we also briefly explore the effects of horizontal
resolution on the QBO and conclude that the QBO can be adequately represented with horizontal resolution
of ∼200 km as long as vertical resolution of the model is fine enough.

1. Introduction

The quasi-biennial oscillation (QBO) is the primary mode of variability of the equatorial mean wind in the
stratosphere. For over 50 years now, this oscillation has been observed by Tropical radiosonde data [e.g.,
Naujokat, 1986; Baldwin et al., 2001] and is characterized by downward propagating easterly and westerly
wind regimes alternating in time, with the average period of 28 months. The easterly phase of the QBO
is typically stronger (30–35m s−1) than the westerly phase (15–20m s−1) with maximum amplitude near
20 hPa (Figure 1).

The QBO arises as a result of wave mean-flow interaction. It is driven by vertically propagating tropical east-
ward and westward propagating waves, which deposit momentum in the shear zones causing them to
descend. Eastward propagating Kelvin waves are believed to be the primary-resolved drivers of the westerly
phase of the QBO [Wallace and Kousky, 1968;Maruyama, 1994], whereas Rossby-gravity waves contribute
to the momentum required to drive the easterly phase [Lindzen and Holton, 1968; Yanai and Maruyama,
1966]. Observations of Kelvin and Rossby-gravity waves, however, show that momentum flux carried by
those waves is not strong enough to drive the observed oscillation. It is now generally accepted that the
rest of the forcing must come from internal gravity waves from a variety of sources (e.g., convection and
frontal systems) [Dunkerton, 1997]. This conclusion is supported not only by observational studies but also
by high-resolution numerical modeling [e.g., Takahashi and Boville, 1992].

Although the QBO occurs in the tropical stratosphere, its effects are thought to extend to the entire atmo-
sphere. The QBO is believed to impact polar stratospheric variability via the Holton-Tan mechanism [Holton
and Tan, 1980] and may also therefore influence the extratropical troposphere [Baldwin and Tung, 1994].
Studies have suggested that the QBOmodulates the influence of the solar cycle on the atmosphere [Matthes
et al., 2010], and it has been shown to influence large-scale patterns and magnitudes of tropical convection
[Collimore et al., 2003]. The QBO also impacts the distribution of stratospheric chemical constituents such as
ozone and water vapor [e.g., Randel and Wu, 1996]. There is also evidence that the QBO affects the frequency
of tropical hurricanes [Gray, 1984a, 1984b], although Camargo and Sobel [2010] argue that in recent decades
this relationship has disappeared. Hence, the proper representation of the QBO in GCMs is important to
representing the whole atmosphere’s variability.
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Figure 1. Singapore monthly mean zonal winds observed from year 1979 to 1999. Contours are plotted in intervals of
5 m s−1.

Although the basic driving mechanism for the QBO has been understood for many years, only a few contem-
porary GCMs can reproduce it. The first realistic simulation of the QBO was presented by Takahashi [1996]
using the Center of Climate System Research/National Institute of Environmental Studies GCM. Their model
setup included horizontal resolution of about 5.5◦ in the horizontal and vertical grid spacing of 500m in
the stratosphere. Scaife et al. [2000] showed that the Met Office Unified Model (UM) could produce a QBO
provided adequate amount of momentum flux from parameterized gravity waves. Scaife et al. [2000] also
showed that the period of the QBO varies both with the characteristic wave number and the gravity wave
source strength. Giorgetta et al. [2002] showed that in order to obtain a QBO in the MAECHAM5 GCM, the
vertical resolution in the stratosphere had to be at least 700m (with horizontal resolution of ∼ 2.8◦). Using
the same model, Giorgetta et al. [2006] also showed that the period of the QBO is related to the GW source
strength. This is in agreement with the early theories of Lindzen and Holton [1968].

As the QBO is partly driven by resolved convectively coupled equatorial waves (CCEWs), including Kelvin
waves and mixed Rossby-gravity (MRG) waves, accurate representation of convectively coupled equatorial
waves (CCEWs) including Kelvin waves and mixed Rossby-gravity waves is crucial to proper representation
of the QBO. In the past decade, considerable work has been dedicated to the depiction of these CCEWs
in global models of atmospheric circulation [Lin et al., 2006; Kiladis et al., 2009; Straub et al., 2010]. Many
GCMs are found to poorly represent CCEWs, with too little wave activity in the appropriate spectral bands,
or phase speeds that are inconsistent with observations [Lin et al., 2006; Straub et al., 2010]. Equatorial
Kelvin waves are particularly problematic, with only half of the CMIP3 models producing a significant peak
within the Kelvin wave spectrum [Straub et al., 2010]. Of those models that can produce Kelvin waves,
many exhibit phase speeds that are too high, associated with excessive equivalent depths for these CCEWs
[Lin et al., 2006].

The National Center for Atmospheric Research’s Community Atmosphere Model (CAM) and the Whole
Atmosphere Community Climate Model (WACCM) also have difficulties simulating the QBO. WACCM is an
upward extended version of CAM (lid near 120 km) with full interactive chemistry and a parameterization
for nonorographic gravity waves. CAM in the past has only used a parameterization for orographic gravity
waves and has never simulated the QBO. WACCM has moved to a sophisticated representation of the gravity
wave source spectra [Richter et al., 2010], but even in this configuration and after extensive tuning efforts, a
QBO could not be obtained. Xue et al. [2012] have shown that WACCM (1.9◦ × 2.5◦) can produce an internally
generated QBO if an additional wave spectrum, a parameterized Inertial Gravity Wave (IGW) spectrum is
included. However, in the WACCM simulations shown by Xue et al. [2012], the resolved westward wave forc-
ing of the QBO was very small, even though the model horizontal resolution should be sufficient to capture
mixed Rossby-gravity waves.

Here we present a version of Community Atmosphere Model, version 5 (CAM5) which successfully produces
a realistic QBO, and we describe the sensitivity of the simulation to various aspects of the model config-
uration, in particular, to vertical resolution and gravity wave parameterization tuning. The IGW spectrum
used by Xue et al. [2012] is not included in our simulations. Section 2 describes the model setup for the
control and the new configurations. Section 3 describes the results, and section 4 presents the summary
and conclusions.
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Table 1. Summary of CAM5 Simulations

Run Name Horizontal Resolution Vertical Resolutiona Gravity Waves Convective GW Efficiency

30Lcam ne30 1200m Orographic N/A
30LcamGW ne30 1200m Oro., Frontal, Conv. 0.55
60Lcam ne30 500m Orographic N/A
60LcamGW ne30 500m Oro., Frontal, Conv. 0.55
60LcamGWRE ne30 500m Oro., Frontal, Conv. 0.3
45LcamGW ne30 700m Oro., Frontal, Conv. 0.55
43LcamGW ne30 1200m(tropospheric)/500m(stratospheric) Oro., Frontal, Conv. 0.55
60LcamGWne16 ne16 500m Oro., Frontal, Conv. 0.55

aVertical resolution above 850 mb.

2. Model Simulations
2.1. General Model Description
All the simulations carried out in our study use the Community Atmosphere Model, version 5 (CAM5). A
complete description of CAM5 is given by [Neale et al., 2012]. A few important features of CAM5 are briefly
described here. All of the simulations described in this study use the new spectral element (SE) dynamical
core [Dennis et al., 2012]. SE is a highly scalable core, which uses a cubed-sphere geometry and continuous
Galerkin spectral element techniques [Taylor and Fournier, 2010]. The impact of the dynamical core on the
simulated climate is small, and due to its high scalability the SE core is expected to become the default for
CAM5 in the near future.

CAM5 incorporates an advanced two-moment representation of cloud microphysical processes [Morrison
and Gettelman, 2008; Gettelman et al., 2010] that is directly coupled to prognostic aerosol mass and num-
ber concentrations predicted by a comprehensive modal aerosol model [Easter et al., 2004; Ghan and Easter,
2006]. Moist planetary boundary layer turbulent transport is parameterized according to Bretherton and Park
[2009]. A plume-based treatment of shallow convection is used [Park and Bretherton, 2009]. Radiative heat-
ing and cooling are treated using the global version of the “Rapid and accurate Radiative Transfer Model”
[Iacono et al., 2008].

2.2. Control Simulation
The default configuration of CAM5 includes 30 vertical levels with approximately 1200m vertical spacing
throughout the free troposphere and lower stratosphere, with a model top at ∼ 2 hPa (see Figure 3). The
default horizontal resolution used here is 30 spectral elements on each side of a cubed sphere face with
third-order polynomials in each element (denoted as “ne30”) yielding an effective horizontal resolution of
approximately 100 km. This default model setup is our control simulation and will be hereafter referred to as
30Lcam. The default configuration of CAM5 includes an orographic gravity wave parameterization following
McFarlane [1987]. No other parameterized gravity wave sources are included.

2.3. Additional Simulations
In addition to the 30Lcam simulation, we carried out several other experiments to assess the impact of ver-
tical and horizontal resolution and parameterized nonorographic gravity waves on the simulation of the
tropical winds. All simulations are summarized in Table 1. In several of our simulations we have increased
the number of model levels to 60, increasing the vertical resolution in the free troposphere and lower strato-
sphere to 500m (60Lcam, 60LcamGW, 60LcamGWRE, and 60LcamGWne16). The other major change in the
additional simulations was the inclusion of the nonorographic gravity wave (GW) parameterization, which
is currently a standard part of WACCM. The details of the parameterization implementation can be found in
Richter et al. [2010]. Below is a brief summary.

The nonorographic GW parameterization assumes that gravity waves are generated only by physical sources
that are consistent with the underlying model physics. We assume that nonorographic gravity waves are
generated by two sources: fronts and convection. Frontally generated gravity waves are launched when the
frontogenesis function of Hoskins [1982] exceeds a critical threshold. At every point and time step of the
model when the criterion is met, a broad spectrum of gravity waves is launched and propagated vertically
through the atmosphere using the Lindzen [1981] parameterization. All settings of the frontal source spec-
trum parameterization follow Richter et al. [2010]. Similarly, every time the model diagnoses parameterized
deep convection, a spectrum of convectively generated gravity waves is launched. The source spectrum of
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Figure 2. Absolute gravity wave momentum flux from convectively generated gravity waves (dashed line), frontally
generated gravity waves (dotted line), and from both convectively and frontally generated gravity waves (solid line). (left)
For January 2006 and (right) for July 2006.

convectively generated waves is dependent on the heating depth, amplitude, and mean wind in convective
heating in a physically plausible way, following the parameterization of Beres et al. [2004]. The variation of
resulting source gravity wave source momentum flux with season and latitude from convection and fronts
is shown in Richter et al. [2010, Figures 2 and 3]. Figure 2 shows the absolute gravity wave zonal momentum
flux (magnitude of eastward and westward momentum flux added together) at 20 km for January and July
of 2006. This figure can be easily compared with Geller et al. [2013, Figures 1 and 2, bottom], which show the
absolute gravity waves source momentum flux from other models and estimates from satellite observations
for this time period. Figure 2 shows that the overall source momentum flux in CAM5 in the extra tropics is
very much in line with that in observations; however, the tropical momentum fluxes are higher. As grav-
ity wave properties are linked to convection properties, the absolute momentum fluxes shown in Figure 2
vary from year to year; however, this figure is very representative of the simulation average. We note that
substantial uncertainties still exist in satellite estimates of GWmomentum fluxes.

There are few tunable parameters left in the convective GW source parameterization. One of them is the
efficiency factor, which can be thought of as the fraction of a model grid box experiencing convection that
is covered by gravity waves. This parameter was set to 0.1 in Richter et al. [2010]. We use a convective GW
efficiency of 0.55 in the majority of our simulations. The increase in GW efficiency from Richter et al. [2010]
can be justified by the decreased grid box size in our model, and hence, higher probability that a larger frac-
tion of a convectively active model grid box is occupied by gravity waves. As will be demonstrated below,
the larger efficiency of the convective GW parameterization, and hence, larger momentum flux entering
the tropical stratosphere from parameterized waves, is needed to represent the period of the QBO accu-
rately. Another change relative to the implementation of the GW parameterization from WACCM is in its
treatment of GWmomentum flux at the top of the model. The model lid of WACCM is so high that very little
GWmomentum flux remains at the top of the model. In CAM, the model lid is much lower, and hence, vio-
lation of momentum conservation can lead to spurious circulations in the model domain through nonzero
momentum fluxes at the model top [Shaw and Shepherd, 2007]. The technique mentioned is commonly
known as the “opaque lid.” Hence, in our simulations, any remaining GW momentum of parameterized
gravity waves at the top of the model is deposited in the top layer of the model.

In addition to the series of experiments with 500 m vertical resolution (60Lcam, 60LcamGW, and 60LcamG-
WRE), we also conducted an experiment with 45 levels, 700m vertical resolution (45LcamGW), and an
experiment with 43 levels in which vertical resolution is reduced to 500 m only in the lower stratosphere
(43LcamGW) (see Figure 3 for exact vertical grid spacing). Both of these experiments are helpful in deter-
mining what is needed in terms of vertical resolution to properly represent the QBO. Finally, we carried
out an experiment with 60 levels and coarser horizontal resolution, ne16 (∼ 200 km) to examine the role of
horizontal resolution on the QBO simulation (60LcamGWne16).

Simulations 30Lcam, 30LcamGW, 60Lcam, and 60LcamGW were carried out for 50 years starting in 1952.
The rest of the simulations were carried out for 20 years starting in 1979. All simulations were forced with
monthly mean sea surface boundary conditions using the global Hadley Centre Sea Ice and Sea Surface
Temperature data set before 1981 and the Smith/Reynolds EOF data set post-1981 [Hurrell et al., 2008]. The
analysis below focuses on the role of vertical resolution and gravity waves only on tropical dynamics and the
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Figure 3. Vertical grid spacing used in the CAM simulations. Solid
line: 30L, dotted line: 60L, dashed line: 43L, dash-dotted line: 45L.

simulation of the QBO. All of the simula-
tions have a reasonable representation of
extratropical temperatures and winds in the
troposphere and lower stratosphere. The win-
ter hemisphere jet in December, January,
and February (DJF) is ∼ 2m s−1 too weak
in 30Lcam and up to 4m s−1 too weak in
60LcamGW relative to ERA-Interim data set
[Dee et al., 2011]. In June, July, and August
(JJA), the winter jet is a little too strong, by up
to 8m s−1 in the lower stratosphere in both
30Lcam and 60LcamGW. A detailed analy-
sis of extratropical climatology and effects
of increased vertical resolution on the gen-
eral circulation and climate and extratropics
is beyond the scope of this paper and will

be discussed in a separate publication (J. H. Richter et al., Effects of vertical resolution and non-orographic
gravity wave drag on the simulated climate in the Community Atmosphere Model, version 5, submitted to
Journal of Advances in Modeling Earth Systems, 2013).

3. Results
3.1. Tropical Winds
Figure 4 shows the tropical zonal mean zonal wind from 1979 to 1998 for 30Lcam, 30LcamGW, 60Lcam, and
60LcamGW. In the 30-level default model (30Lcam) the tropical winds in the lower stratosphere, between 10
and 100 mb, show persistent weak easterlies. These persistent weak easterlies have been noted at the equa-
tor in all previous released versions of CAM. Above 20 hPa the easterlies become stronger and oscillate from
weak (−5 m s−1) to strong (−30 to −35 m s−1) semiannually. Although the oscillation does not resemble the
observed semiannual oscillation [Reed, 1966; Garcia et al., 1997] as the winds are only easterly, the stronger
easterlies near solstice season is a sign that a semiannual oscillation is trying to form.

Figure 4b shows the tropical winds for 30LcamGW, a simulation with 1200 m vertical resolution in the lower-
most stratosphere with nonorographic gravity waves. The inclusion of parameterized gravity waves changes
the winds above 20 hPa from easterly to primarily westerly with magnitude of 5 to 10 m s−1. The semiannual
nature of the winds is less clear, with easterlies only around January. This is a direct result of predominantly
eastward propagating gravity waves reaching the upper layers of the model and depositing their momen-
tum there. The asymmetry between eastward and westward propagating waves is determined by the source
level wind [Beres et al., 2004]. As a result, in CAM/WACCM, throughout most of the year, eastward propa-
gating gravity waves dominate (see Figure 2) [Richter et al., 2010]. Between 50 and 10 hPa, the winds in the
30LcamGW simulation oscillate between weak easterlies and westerlies; however, the oscillation does not
resemble the QBO, in agreement with previous WACCM studies that show parameterized gravity waves
alone can not produce a QBO in this model [e.g., Beres et al., 2005]. The wind oscillation appears to be phase
locked with the annual cycle.

Figure 4c shows the tropical winds in 60Lcam, a model run with increased vertical resolution and no param-
eterized nonorographic gravity waves. In this simulation, a band of westerlies develops between 30 and
80 mb. The westerlies are persistent and exhibit irregular variations in amplitude with peak values of
∼ 7m s−1. Such steady, stalling winds, have been seen in other models when the forcing was less than ade-
quate to drive the QBO [e.g., Yoden and Holton, 1988]. The equatorial westerly winds in 60Lcam must be
forced by resolved eastward propagating equatorial waves in the model as there are no parameterized grav-
ity waves in 60Lcam. Persistent westerlies in the equatorial region imply that the wave forcing is not strong
enough to drive a QBO. The semiannual oscillation in the easterlies above 10 hPa is stronger in 60Lcam than
in 30Lcam implying stronger cross-equatorial meridional advection. Since this region of the atmosphere is
so close to the model lid in CAM5 and there is enhanced dissipation, we will not focus on this oscillation in
this paper.
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Journal of Geophysical Research: Atmospheres 10.1002/2013JD021122

Figure 4. Tropical zonal winds (2◦S to 2◦N average) simulated by (a) 30Lcam, (b) 30LcamGW, (c) 60Lcam, and (d)
60LcamGW. The horizontal axis depicts time in months from 1 January 1979. Contours are plotted in intervals of 5m s−1.

Figure 4d shows the tropical winds in the 60LcamGW simulation which includes both higher vertical resolu-
tion and nonorographic gravity waves. In this simulation a clear quasi-biennial oscillation of the zonal winds
appears, showing that both factors, high vertical resolution and parameterized gravity waves, are impor-
tant for simulating a QBO in CAM5. The period of the QBO in the 60LcamGW is 29 months, very close to
the observed period of 28 months. The amplitude of the westerly phase of the oscillation is stronger than
observed: at 50 hPa, the observations show peak winds of 10 to 12m s−1, whereas in the 60LcamGW simu-
lation westerly winds peak at 20 to 25m s−1. The amplitude of the easterly phase of the QBO is weaker than
observed, with maximum easterlies of −15 to −20m s−1.

3.2. Effects of Vertical Resolution on Resolved Tropical Waves
To assess the characteristics of the equatorial waves propagating into the lower stratosphere in our model,
we performed the space-time analysis outlined inWheeler and Kiladis [1999] on the daily 70 hPa zonal winds
between 10◦S and 10◦N latitude, for the April–July period using 10 years of data, from 1990 to 1999 for the
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Figure 5. Space-time spectra similar to Wheeler and Kiladis [1999]. Figure 1 of the raw power (not its logarithm), calculated from daily 70 mb zonal winds from
10◦S to 10◦N latitude, using 10 years of April–July data. Results from (left) 60Lcam, (middle) 30Lcam, and (right) their difference (60Lcam − 30Lcam), for both
(bottom) symmetric and (top) antisymmetric modes. Analytical dispersion relations for six dry CCEW modes are plotted for equivalent depths of 12, 25, 50 and
100meters (black curves).

30Lcam and 60Lcam. The time period from April–July is associated with the strongest westerlies (Figure 4).
The resulting raw power spectra for both symmetric and antisymmetric waves with respect to the equator
are presented in Figure 5. We chose to plot the raw power spectrum to allow a more direct comparison
between the two models, with the difference plotted in Figure 5 (right). In 60LcamGW (Figure 5, left) there
is power evident in regions of the spectra associated with each of the observed CCEW modes, which have
been indicated by dispersion curves derived from shallow-water theory. In particular, the Kelvin and mixed
Rossby-gravity (MRG) waves show significant power in the lower stratosphere. There are also low-frequency
(period of ∼ 30 days) westward propagating antisymmetric equatorial Rossby (ER) waves, with dominant
power at wave numbers 1 and 2, and symmetric as well as antisymmetric equatorial Rossby waves.

The 60Lcam model (Figure 5, left and middle) exhibits more power in the MRG and antisymmetric ER spec-
trum than the 30Lcam model (Figure 5, middle), as can be readily seen in the difference plot on the upper
right. The increase in MRG power occurs at small, negative zonal wave numbers, with periods from 3 to
6 days. There is also an increase in the power of Kelvin and symmetric equatorial Rossby waves in the
60Lcam compared with 30Lcam as depicted in (Figure 5 (bottom row). These increases in power all occur
for waves with equivalent depths between 12m and 100m, more consistent with observations of tropical
precipitation [Lin et al., 2006; Straub et al., 2010] and brightness temperature [Kiladis et al., 2009].

The equivalent depth of a CCEW, he can be related to the vertical scale (or wave number) of the wave
through the dispersion relation

m = 2π
Lz

=
(

N2

ghe
− 1

4H2

)1∕2

(1)

as in Kiladis et al. [2009] wherem is the vertical wave number, Lz is the vertical wavelength, N is the buoy-
ancy frequency (assumed to be constant) and H the scale height. Note that the above relationship is for a
motionless atmosphere and that the presence of mean wind will further impact the vertical wavelength of
resolved waves [Boville and Randel, 1992].

Although observed CCEWs are modified by the diabatic heating due to moist processes, they are still found
to largely agree with this dispersion relation. Using this dispersion relation, we can estimate the vertical
wavelength of CCEWs in the lower stratosphere. Assuming N = 2.4 × 10−2s−1 and H = 6.1 km results in
an expected range of vertical wavelengths from 2.8 to 8.2 km. Since the vertical grid spacing of the 30Lcam
model is 1.2 km throughout the upper troposphere and lower stratosphere, 30Lcam is likely not repre-
senting CCEWs adequately, especially those with shorter vertical wavelengths. This supports the findings
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Figure 6. EP flux divergence from resolved waves for (left) 30Lcam and (middle) 60Lcam, and (right) the difference between 60Lcam and 30Lcam. (row 1) EP flux
divergence for all wave numbers and (rows 2–4) in each column shows k = 1, k = 2, and k = 3 components. Units are m s−1 d−1 ns. Please note that the
calculation is valid only above 750 mb.

of Boville and Randel [1992] that vertical model resolution is critical for representing the QBO, as without
adequate resolution, the needed planetary wave forcing is not resolved properly.

In order to show how the better resolved CCEWs are changing the tropical zonal mean wind in 60Lcam, we
calculate the EP flux divergence from resolved waves for various wave number components (Figure 6) for
30Lcam and 60Lcam. This figure was derived by performing one-dimensional Fourier analysis in space on
daily averaged model output of zonal and meridional wind, temperature, and omega. EP flux divergence
was calculated for zonal wave numbers 1 to 10 between 2◦S and 2◦N. The calculation was done on 10 years
of model output (from 1990 to 1999) and as there is little variation from year to year in these two simula-
tions, we show the EP flux divergence as a seasonal cycle averaged over the 10 years of analysis. Comparison
of Figure 6 (row 1) shows that the EP flux divergence from all resolved waves is more positive in the upper
troposphere (300 to 100 hPa) in 30Lcam as compared to 60Lcam, especially between June and October with
peak values greater than 2 m s−1 d−1 in 30Lcam. Figure 6 (rows 2–4) shows that the differences in EP flux
divergence between 30Lcam and 60Lcam come primarily from the k = 1 and k = 2 waves. Positive EP
flux divergence in the tropics is associated with Kelvin waves, and as shown in Figure 5, Kelvin waves have
largest amplitude at horizontal wave number 1. Hence, the majority of the EP flux divergence in Figure 6
(rows 1 and 2) is most likely associated with Kelvin waves. EP flux divergence is more positive in 30Lcam as
compared to 60Lcam throughout most of the free troposphere, especially at k = 1 (Figure 6, row 2). Assum-
ing similar generation of waves in both experiments, this suggests that Kelvin waves are dissipating more
strongly below 100 hPa in the 30Lcam. In the lower stratosphere, in particular between 100 and 70 hPa,
the situation is reversed: in the 60Lcam positive EP flux deposition is stronger in 60Lcam as compared to
30Lcam throughout the year, and especially between June and October and between December and Febru-
ary. The positive EP flux divergence above 100 hPa drives the westerlies in the lower stratosphere in 60Lcam.
From Figure 6 it is difficult to deduce much information about the MRG and ER wave modes, although it
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Figure 7. EP flux divergence from (a) resolved waves and drag from (b) parameterized gravity waves for 60LcamGW. Units are m s−1 d−1.

important to note that they do contribute negative Eliassen-Palm (EP) flux, especially at k = 2 and k = 3
(Figure 6, rows 3 and 4).

In short, there is more EP flux divergence in the lower stratosphere when the model’s vertical resolution is
increased. Coarser vertical resolution most likely causes more dissipation of Kelvin waves in the troposphere,
and hence, they do not have enough amplitude to cause superrotational winds in the lower tropical strato-
sphere. Differences in EP flux divergence in 30Lcam and 60Lcam could partially come from differences in
CCEW generation. However, as precipitation, and by implication convective heating, in the two models is
very similar, we speculate that wave propagation is the primary difference between the two simulations.

3.3. Forcing of the QBO
As modeling of the QBO is a long-standing challenge in GCMs, it is important to understand exactly how a
QBO is forced in CAM5 and how the model configurations impact the QBO. We begin by examining the rel-
ative contributions of resolved and parameterized waves to the forcing of the QBO (Figure 7). In 60LcamGW
the eastward GW drag from parameterized waves exceeds that from resolved waves. Especially below
70 hPa, EP flux divergence from eastward propagating waves is ∼ 0.1–0.2 m s−1 d−1, whereas parameterized
GWs contribute 0.2 to 0.4 m s−1 d−1 of eastward momentum in westerly shear zones. Westward drag from
resolved waves is in the same range of amplitudes as parameterized drag (−0.1 to −0.4 m s−1 d−1). How-
ever, the largest values of resolved wave drag are primarily contained between 30 and 60 hPa, whereas the
parameterized drag extends from 10 to 60 hPa. The resolved and parameterized wave driving of the QBO in
CAM5 is similar in magnitude to that of shown in Giorgetta et al. [2002] who noted resolved and parameter-
ized wave driving of the QBO in MAECHAM5 with magnitude of 0.2 to 0.4 m s−1 d−1. Scaife et al. [2000] found
a larger range of gravity wave forcing amplitudes in the Unified Model: up to 1 m s−1 d−1 with theWarner
and McIntyre [1999] scheme and up to 0.5 m s−1 d−1 with the Hines [1996] parameterization. The resolved
wave forcing reached an amplitude of 0.5 m s−1 d−1 and 0.25 m s−1 d−1, respectively.
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Figure 8. EP flux divergence from resolved waves for (a) all wave number components, (b) horizontal wave numbers
1 through 3, and (c) horizontal wave numbers 4 through 6 as a function of time and height for 10 years of 60LcamGW
simulation average between 2◦S and 2◦N. Contours are in m s−1 d−1.

Figure 8 shows the monthly average EP flux divergence (averaged between 2◦S and 2◦N) from resolved
waves for various wave number components. It is clear from the figure that the eastward resolved wave
forcing comes primarily fromwave numbers 1 through 3, whereas the westward flux comes fromwaves with
wave numbers 4 through 6. To look further at the dominant waves driving the QBO in CAM5, Figure 9 shows
the EP flux divergence as a function of wave number and frequency during March and November 1980:
months representing the maximum easterly and westerly forcing phase of the QBO, respectively. The EP flux
divergence as a function of wave number and frequency were calculated by performing two-dimensional
Fourier analysis in space and time on daily model output for a given month. Subsequently, EP flux diver-
gence was calculated for each spectral component for wave periods greater than 2 days and zonal wave
numbers 1 to 10. The spectra shown are averaged between 2◦S and 2◦N. The methodology used here is
the same as in Richter and Garcia [2006]. Figure 9 shows that the primary resolved wave drivers of the east-
erly phase of the QBO in 60LcamGW are mixed Rossby-gravity waves with a dominant period of 4 to 5 days,
and horizontal wave numbers 3 to 6. This finding is different to that of Kawatani et al. [2010] who found
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Figure 9. EP flux divergence from resolved waves as a function of frequency and wave number for 60LcamGW averaged
over (a) March 1980, month 14 in Figure 4, and (b) November 1980, month 22 in Figure 4. Contours are in m s−1 d−1.

that MRG waves provided only 10% of easterly QBO forcing. The primary-resolved wave drivers of the west-
erly phase of the QBO are Kelvin waves with horizontal wave numbers 1 and 2 and periods between 10 and
30 days. This westerly momentum is counteracted by negative EP flux from westward propagating modes of
period of ∼10 days and dominant wave number 7, as well as wave number 2 waves with period of ∼ 2 days.
These findings are in excellent agreement with early theories of the QBO [e.g., Lindzen and Holton, 1968]
and observational studies that have taken place since. Canziani and Holton [1998] find peak momentum
deposition from Kelvin waves to be 0.18 m s−1 d−1 between 10 and 20 hPa. They also estimate the monthly
mean Kelvin wave contribution to momentum deposition to be ∼ 0.1 m s−1 d−1 for zonal wave number 1
and 2 components. Ern and Preusse [2009a] have derived momentum flux from Kelvin waves during sev-
eral cycles of the QBO. They estimate that Kelvin waves contribute 0.1 to 0.3 m s−1 d−1 in the altitude range
between 20 to 30 km (15 to 60 hPa), during the westerly phase of the QBO, in general agreement with our
findings. Alexander and Ortland [2010] use High-Resolution Dynamics Limb Sounder data to derive the total
forcing needed to drive the QBO as well as the Kelvin wave contribution. They estimate that Kelvin waves
provide approximately 50% of the QBO forcing, with the Kelvin wave forcing providing up to 0.5 m s−1 d−1

of forcing between 28 and 32 km (10 to 14 hPa), and ∼ 0.2 m s−1 d−1 between 21 and 25 km. Between 21
and 25 km (20 to 45 hPa), our 60LcamGW simulation shows very realistic Kelvin wave forcing, and our values
seem lower than observed in the upper levels of the model; however, it is important to note that the resolu-
tion in our model decreases above 40 hPa (∼20 km), and hence, the shorter vertical wavelength waves will
be dissipated faster. In addition, Ern and Preusse [2009b] estimate the Kelvin wave forcing from SABER mea-
surements and European Centre for Medium-Range Weather Forecasts analysis to be a little lower than that
found by Alexander and Ortland [2010], about 30 to 50% between 10◦S and 10◦N.

Due to their small vertical wavelengths, MRG waves are difficult to observer. A recent study estimates the
resolved wave QBO forcing from ERA-Interim reanalysis [Ern et al., 2014]. Their estimate of eastward resolved
wave driving is in very good agreement with CAM5; however, their estimate of westward resolved wave forc-
ing is very small, around 0.1 m s−1 d−1. It is important to note that the vertical resolution of the ERA-Interim
analysis is 1400 m, and hence, short-vertical-scale MRG waves are not included in the resolved wave esti-
mate [Ern et al., 2014] and are instead included in the missing forcing, or estimated gravity wave drag
contribution to the QBO forcing.

3.4. Effects of GW Parameterization Tuning
As parameterized gravity waves are the largest forcing term of the QBO in CAM5, it is important to acknowl-
edge that the assumptions in the GW parameterization will impact the nature of the simulated QBO. The
Beres et al. [2004] parameterization used in CAM5 interactively specifies the distribution of momentum flux
of convectively generated gravity waves across phase speeds; however, there is one relatively unconstrained
parameter in the scheme: the efficiency with which GWs are generated. Figure 10a shows the tropical winds
from a CAM5 simulation with convective gravity wave efficiency reduced to 0.3. Compared to the simulation
with convective GW efficiency of 0.55 (60LcamGW), the QBO period lengthens significantly. In 60LcamG-
WRE, the period of the QBO is 35 to 50 months, and the easterly phase of the QBO is about 4 times longer
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Figure 10. Same as Figure 4 but for (a) 60LcamGWRE, (b) 45LcamGW, (c) 43LcamGW, and (d) 60LcamGWne16.

between 10 and 30 hPa than the westerly phase. Similarly, an increase in the efficiency of the convective GW
source decreases the QBO period (not shown). These findings are consistent with the work of Lindzen and
Holton [1968] that suggested that the period of the QBO was determined by wave source strength. Giorgetta
et al. [2006] also found in this to be true in the MAECHAM5 model.

3.5. Further Sensitivity to Vertical Resolution
Although adequate vertical resolution is known to be important for QBO simulation in a GCM, exactly
what is needed is not clear. Boville and Randel [1992] suggested that vertical resolution of about 1 km or
less should be adequate to resolve equatorial waves needed to drive the QBO. Giorgetta et al. [2002] also
came to this conclusion after obtaining a QBO with ∼ 700m vertical spacing in their model. We show here
results from two experiments: 45LcamGW, a simulation with vertical resolution of ∼700m above 850mb,
and 43LcamGW, a simulation with 500m resolution just in the region between 100 and 50mb. The vertical
grid spacing profiles for both of those simulations are shown in Figure 3, and the resulting tropical winds are
shown in Figures 10c and 10d. Both of these simulations have the same GW drag parameterization settings
as the 60LcamGW simulation.
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Figure 11. Same as Figure 8 but for 45LcamGW.

Figure 10b shows that when the vertical grid spacing in CAM5 is reduced to 700m, the QBO signal more
or less vanishes. The winds between 5 and 20 hPa do oscillate between easterly and westerly phases;
however, the period of the easterly phase is very short, and amplitude very weak. Below 30 hPa, the winds
are primarily westerly suggesting eastward momentum deposition from Kelvin waves. Although there is
some oscillatory behavior in this simulation compared to 30Lcam, 60Lcam, and 30LcamGW, we classify this
simulation as “not producing a QBO.” In order to understand why the 45LcamGW does not produce a QBO,
we plotted EP flux divergence for various wave number components. This is shown in Figure 11. Compari-
son with the same figure for 60LcamGW (Figure 8) shows that all negative (westward) EP flux divergence in
45LcamGW is contained between 10 and 30 hPa, and it primarily comes from wave number 1 to 3 waves.
The easterly drag from wave number 4 through 6 MRG waves that was present between 30 and 60 hPa in
the 60LcamGW simulation is almost absent in the 45LcamGW. Two-dimensional Fourier analysis of the EP
flux divergence (not shown) shows that the k = 1 waves are nearly stationary, consistent with the character-
istics of ER waves. These characteristics are also consistent with Rossby waves that could have propagated
into the tropics from midlatitudes. This suggests that at coarser vertical resolution, 700m in this case, MRG
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Figure 12. Same as Figure 8 but for 43LcamGW.

waves are not able to contribute to the forcing of the QBO. Hence, in 45LcamGW, the easterly wind oscilla-
tions above 30 hPa are driven by Rossby waves, unlike in 60LcamGW, by MRG waves. Figure 11 also shows
that the positive EP flux divergence from Kelvin waves (k = 1 to k = 3) is much weaker in the 45LcamGW
as compared to 60LcamGW, supporting the theory that with coarser vertical resolution, both MRG waves
and Kelvin waves are dampedmore, and hence, they do not carry an adequate amount of momentumwhen
they reach the stratosphere. Comparison of the tropospheric EP flux divergence for the 45LcamGW run (not
shown) also shows greater momentum deposition, and hence greater damping in the 45LcamGW run as
compared to 60LcamGW.

The results of our 45LcamGW simulation suggest that finer vertical resolution is needed to resolve MRG
waves properly and the exact resolution needed may be model dependent. It is important to note that MRG
waves are excited by tropical heating, and the vertical wavelength of these waves will be related to the
depth of the tropospheric convective heating. In observations, the vertical wavelength of MRG waves ranges
from 4 to 8 km; however, if the heating in a GCM is shallower than that observed, that will contribute further
to the inadequate representation of those waves. A detailed comparison of the tropical heating in CAM5 to
observations is beyond the scope of this work.
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Figure 13. Same as Figure 9 but for the 43LcamGW simulation.

Now we examine the 43LcamGW simulation which has 1200 m resolution below 100 hPa and 500 m resolu-
tion from 100 to 50 mb. This experiment was designed to help determine in which region of the atmosphere
high vertical resolution is needed for producing a QBO in a GCM. Figure 10 shows that 43LcamGW does pro-
duce a QBO with a well defined-easterly and westerly phases; however, the amplitude of the oscillation is
much weaker than in 60LcamGW. Maximum westerly winds near 70 hPa do not exceed 12 m s−1, whereas in
the 60LcamGW, maximumwesterlies reached more than 25 m s−1. Similarly, tropical easterlies in 60LcamGW
exceeded −30 m s−1, whereas they are only −12 m s−1 in 43LcamGW. Figure 12 shows the EP flux diver-
gence as a function of wave number for the 43LcamGW simulation. This figure shows that the majority of
the EP flux divergence driving the easterly phase of the QBO comes from wave number 1 through 3 waves.
Two-dimensional Fourier decomposition of EP flux during a period of strong westward (negative) EP flux
(Figure 13) shows that the k = 1 and k = 2 waves are near-stationary Rossby waves. These waves could have
been generated in the tropics or could have propagated into the tropics frommidlatitudes. The weak EP flux
at wave number 3 is associated with a wave with a period of about 7 days.

Although there is a weak QBO in 43LcamGW, due to the coarse resolution in the troposphere, this simulation
does not allow for adequate generation and propagation of MRG waves into the lower stratosphere, and
hence, the primary observed waves that drive the easterly phase of the QBO are significantly attenuated in
this simulation. Although the vertical grid spacing in 43LcamGW is highly unlikely to be used on a regular
basis by a GCM, it does show that it is possible to obtain a QBO that is forced in way that is not necessarily
consistent with observations. Nevertheless, verification of the wave components driving the QBOs in GCMs
and comparison of that forcing to observations seems to be crucial to the proper representation of this trop-
ical oscillation. Simulation 43LcamGW suggests that high vertical resolution in a GCM is needed throughout
the troposphere and lower stratosphere in order to represent the QBO in a physically consistent manner.

Last, we briefly examine the results of the 60LcamGWne16 simulation, with coarser, ∼ 200 km, horizontal
resolution (Figure 10d). A clear QBO signal appears in this simulation with a period very similar to that in the
60LcamGW simulation. Both the westerly and the easterly phases of the oscillation are 5 to 10 m s−1 weaker
than those in 60LcamGW. Fourier analysis of the EP flux divergence (not shown) shows that the resolved
westward EP flux divergence in this simulation is 2 to 4 times smaller as compared to the 60LcamGW simu-
lation, and similarly to the 43LcamGW simulation, there is almost no EP flux at higher wave numbers (k = 4
through 6). These results suggest that it is the vertical resolution of the model and not the horizontal that
has been limiting the formation of the QBO in previous versions of CAM and WACCM. In particular, the suc-
cessful upward propagation of MRG waves into the lower stratosphere seems to give CAM5 the ability to
produce a QBO.
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It is worthwhile to note that all previous versions of CAM and WACCM utilized a different dynamical core
from what is used in our simulations, with most recent versions utilizing the finite volume dynamical core
[Lin, 2004]. We have tested CAM5 with the finite volume dynamical core (both at 1◦ × 1.25◦ and 2◦ × 2.5◦)
resolution, and both simulations produced a QBO, however, with slightly different characteristics. We are
therefore certain that the QBO simulation in CAM5 has not been brought about by the change in dynamical
core from its previous versions.

4. Summary and Conclusions

We have shown here several configurations of the Community Atmosphere Model, version 5 and exam-
ined how their differences affect the model’s ability to produce a quasi-biennial oscillation. Our results show
that both high vertical resolution and parameterized gravity wave drag are needed to simulate a realistic
QBO. In CAM5, we were able to produce a realistic QBO with vertical resolution of 500m. A simulation with
vertical resolution of 700m produced oscillations in the tropical winds in the QBO region, but the easterly
phase of the QBO was nearly absent. We have demonstrated here that at 500m vertical resolution mixed
Rossby-gravity and equatorial Kelvin waves have larger amplitudes in the lower stratosphere as compared to
a model with 1200m vertical resolution. These waves provide approximately 30% of the westerly and up to
50% of the easterly QBO forcing, and hence, their adequate representation in the vertical is very important
to the accurate representation of the QBO. The amplitudes of EP flux divergence from Kelvin waves in our
best simulation (60LcamGW) compare well to those derived from observations [e.g., Ern and Preusse, 2009a],
and although there are still tunable parameters in our gravity wave source spectrum parameterization, the
contribution to the QBO forcing from resolved and from parameterized waves is reasonable and compares
well with what is observed [Alexander and Ortland, 2010].

In our best CAM5 simulation (60LcamGW) the easterly phase of the QBO is too weak, and the westerly phase
is too strong. As the easterly phase of the QBO is in large part driven by MRG waves, it is possible that those
waves are not adequately represented even with 500 m vertical resolution. As those waves are convectively
forced, deficiencies in the representation of tropical heating in the model, will also manifest in inadequate
MRG forcing. It is also possible that the source spectra generated by convectively generated gravity waves
are too biased toward eastward propagating waves. This could come from two factors: (a) idealizations in
the Beres et al. [2004] parameterization and/or (b) a lack of parameterized waves from shallow convection.
However, it is important to note that Scaife et al. [2002] found an asymmetry in a QBO driven by an isotropic
(equal eastward and westward) source spectrum. Currently the Beres et al. [2004] parameterization is only
interacting with the deep convection scheme of Zhang and McFarlane [1995], and no gravity waves are
launched when shallow convection is present. Now that CAM5 is able to simulate a QBO, sensitivity to grav-
ity wave sources can be examined in future work. Lastly, we have shown here that a QBO forms in CAM5
whether horizontal resolution of ∼100 km or ∼200 km is used, again, suggesting that it is the vertical reso-
lution that is crucial to properly representing the mixed Rossby-gravity and Kelvin waves necessary to drive
the QBO.
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