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ABSTRACT

We have investigated tropical waves and their role in driving a quasi-biennial

oscillation (QBO)-like signal in stratospheric winds in a global 7-km horizon-

tal resolution atmospheric general circulation model. The Nature Run (NR)

is a two-year global mesoscale simulation of the Goddard Earth Observing

System (GEOS-5) model. In the tropics, there is evidence that the NR sup-

ports a broad range of convectively generated waves. The NR precipitation

spectrum resembles the observed spectrum in many aspects, including the

preference for westward propagating waves. However, even with very high

horizontal resolution and a healthy population of resolved waves, the zonal

force provided by the resolved waves is still too low in the QBO region and

parameterized gravity wave drag is the main driver of the NR QBO-like oscil-

lation (NR-QBO). We suggest that causes include coarse vertical resolution

and excessive dissipation. Nevertheless, the very high resolution NR pro-

vides an opportunity to analyze the resolved wave forcing of the NR-QBO. In

agreement with previous studies, we find that large-scale Kelvin and small-

scale waves contribute to the NR-QBO driving in eastward shear zones and

small-scale waves dominate the NR-QBO driving in westward shear zones.

Waves with zonal wavelength <1000 km account for up to half of the small-

scale (<3300 km) resolved wave forcing in eastward shear zones and up to

70% of the small-scale resolved wave forcing in westward shear zones of the

NR-QBO.
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1. Introduction37

Equatorial lower stratospheric zonal mean winds display a quasi-biennial oscillation (QBO) that38

is characterized by alternating eastward and westward winds descending through the stratosphere.39

The average period of the QBO, which has been continuously observed since 1953, is approxi-40

mately 28 months, with a range of 22–34 months (Baldwin et al. 2001). The QBO is a wave-mean41

flow interaction phenomenon, driven by tropical Kelvin, mixed Rossby-gravity, inertia-gravity,42

and small-scale gravity waves (Lindzen and Holton 1968; Holton and Lindzen 1972; Dunkerton43

1997). It is highly predictable at timescales of a year or more (Scaife et al. 2014).44

Model experiments suggest that the frequency and amplitude of the QBO may change with45

changing climate (Kawatani and Hamilton 2013), however the sign and magnitude of predicted46

future changes are sensitive to highly uncertain model details (Schirber et al. 2014a). Furthermore,47

the QBO is known to modulate tropical-extratropical teleconnections (Scaife et al. 2014) and trop-48

ical cyclone activity (e.g., Camargo and Sobel 2010), and improved simulation of the QBO has49

been shown to improve skill in seasonal to interannual climate predictions (e.g. Thompson et al.50

2002; Boer and Hamilton 2008; Scaife et al. 2014). Despite this, most models participating in the51

recent Climate Model Intercomparison Project (CMIP5) (Taylor et al. 2012) do not simulate the52

QBO. Successful simulation of the QBO in global models requires combined momentum forcing53

from large-scale equatorial waves and small-scale gravity waves. Climate models that simulate a54

realistic QBO usually rely on a parameterization for the gravity wave momentum forcing because55

of resolution limitations (Scaife et al. 2000; Giorgetta et al. 2002; Richter et al. 2014; Schirber56

et al. 2014b). Simulating a realistic QBO is challenging because it is extremely sensitive to many57

model parameters, such as horizontal and vertical resolution, gravity wave parameterization and58
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dynamical core (Anstey et al. 2015; Giorgetta et al. 2002; Kodama et al. 2015; Kawatani et al.59

2010; Schirber et al. 2014b; Yao and Jablonowski 2015).60

Several climate model experiments have simulated a QBO-like tropical wind oscillation without61

parameterized gravity waves with various degrees of realism (Takahashi 1996; Horinouchi and62

Yoden 1998; Hamilton et al. 1999; Watanabe et al. 2008; Kawatani et al. 2010). These and other63

studies have identified several necessary ingredients for realistic simulation of the QBO: (i) high-64

frequency variability in precipitation and latent heating to ensure sufficient wave generation, (ii)65

high vertical resolution (at least 700 m) to properly represent the wave-mean flow interaction66

in QBO shear zones, and (iii) sufficient gravity wave momentum flux, either parameterized or67

resolved. From their simulations without parameterized gravity waves, Horinouchi and Yoden68

(1998) noted the need for unusually weak model horizontal diffusion as necessary for simulation69

of the QBO in coarse horizontal resolution models, but hypothesized that this condition would not70

be necessary in higher horizontal resolution models. Kawatani et al. (2010) analyzed the wave71

forcing responsible for driving the QBO in a model with 60-km horizontal resolution and 300 m72

vertical resolution and moderate diffusion, and found that more than half of the forcing driving the73

QBO was due to internal inertial gravity waves with wavelengths less than ∼3300 km.74

This study examines equatorial stratospheric winds, waves, and precipitation in a free-running75

global climate model with horizontal resolution near 7 km, nearly an order of magnitude finer than76

the model used in the Kawatani et al. (2010) study. The goal of this study is to investigate the de-77

pendence of tropical wave driving on the scale of the resolved waves and the relationship between78

resolved and parameterized wave driving in a mesoscale global model. The model has limited79

vertical resolution, but has a very realistic representation of tropical precipitation and small-scale80

waves, providing a unique representation of tropical dynamics and associated gravity wave forcing81

for study.82
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The paper is organized as follows. We describe the model in Section 2. We describe features of83

the model QBO-like oscillation and compare them to reanalyses in Section 3. Since the resolved84

waves that contribute to driving the QBO are generated by tropical precipitation variability, we85

evaluate tropical precipitation variability with respect to observations in Section 4. We analyze86

the resolved waves and their role in the zonal momentum budget in Section 5. In Section 6 we87

compare the model resolved wave forcing to the parameterized wave forcing as well as the total88

force derived from reanalyses. In Section 7 we show the effects of resolution on resolved wave89

forcing. Finally, we provide a summary of our results and concluding remarks in Section 8.90

2. GEOS-5 Nature Run91

The Nature Run (NR) (Gelaro et al. 2015; Putman et al. 2014) is a two-year 7-km horizontal92

resolution non-hydrostatic global mesoscale simulation produced with the Goddard Earth Observ-93

ing System (GEOS-5) atmospheric general circulation model. The simulation was performed with94

finite-volume (FV) dynamics (based on Lin (2004)) on a cubed-sphere horizontal grid (Putman95

and Lin 2007) with explicit diffusion from second-order divergence damping. The second-order96

divergence damping coefficient was 0.2×∆Amin/∆t, where ∆Amin is the smallest grid cell area in97

the domain. This provided a strong damping on the divergent component of the flow. The external98

mode damping was 0.02×∆Amin/∆t. The physics, vertical remapping, and dynamics time steps99

were 300, 75, and 5 s, respectively. The NR has 72 vertical levels from the surface up to ∼0.01100

hPa (∼85 km). The vertical resolution ranges from ∼1 km near the tropopause to ∼2 km near the101

stratopause, which, as mentioned in the introduction, has been shown by previous studies to be in-102

sufficient for a realistic simulation of the QBO. The model was forced with prescribed sea-surface103

temperatures and sea-ice, and surface emissions/uptake of aerosols and trace gases, all based on104

measurements from May 2005–June 2007.105
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Convection in GEOS-5 is parameterized using the Relaxed Arakawa-Schubert scheme of Moor-106

thi and Suarez (1992). Prognostic cloud cover and cloud water and ice is calculated using the107

scheme of Bacmeister et al. (2006), with profiles of total water probability distribution function108

calculated as in Molod (2012). The orographic gravity wave parameterization is McFarlane (1987)109

and the non-orographic gravity wave parameterization is based on Garcia and Boville (1994). The110

phase speed spectrum is launched from 400 hPa with a range of ±40 m s−1 in increments of 10111

m s−1. The orographically generated waves depend on the sub-grid scale topographic variance,112

which is a function of the model resolution. As the model resolution increases, the variance is113

adjusted to account for the increase in resolved topography and explicitly resolved gravity waves.114

Non-orographic gravity waves are specified with an equatorial peak in momentum flux (see Figure115

3 in Molod et al. (2015)), and the period of the QBO is sensitive to the details of this specification116

similar to previous reports (Giorgetta et al. 2006; Schirber et al. 2014b).117

For the analysis of the NR, we used output that was interpolated to 0.5◦× 0.5◦ (lon × lat)118

horizontal resolution and on the model vertical grid, except when the NR is directly compared to119

reanalysis. When comparing to reanalysis we used the NR pressure level data, which was output120

on the same pressure levels as the reanalysis.121

3. Comparison of NR-QBO to MERRA-2 QBO122

This section compares the tropical winds found in the NR with those in MERRA (Modern-Era123

Retrospective Analysis for Research and Applications), version 2 (MERRA-2). A description of124

the MERRA reanalysis system is found in Rienecker et al. (2011). The new ongoing MERRA-2125

reanalysis (1980-present, Bosilovich et al. 2015) improves on MERRA by assimilating observa-126

tions from current instruments (such as hyperspectral radiances, global positioning system bending127

angles, and limb sounding temperature and ozone profiles) that the original MERRA system was128
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unable to incorporate into the analysis system, and thus is a natural follow-on to MERRA. An129

especially important change from MERRA to MERRA-2 was an increase in the model’s parame-130

terized gravity wave drag (GWD) that allows for a model internally-generated QBO, a feature not131

found in the original MERRA general circulation model (GCM) (Molod et al. 2015). This change132

helped reduce the MERRA-2 data assimilation system’s dependence on observations to capture the133

QBO dynamics. We note that the gravity wave parameterization and divergence damping schemes134

are identical in the NR and MERRA-2. Pressure level data on 42 constant pressure levels from the135

surface up to 0.1 hPa with a horizontal resolution of 0.635◦ by 0.5◦ longitude by latitude was used136

for the data analysis.137

Figure 1 shows the monthly-averaged zonal mean zonal wind for (a) the NR compared to (b)138

MERRA-2 (Global Modeling and Assimilation Office (GMAO) 2015a). Although the NR is a139

free-running atmospheric model, it was initialized with MERRA winds. The NR has a QBO-like140

signal (NR-QBO) with similar timing as MERRA-2. The NR-QBO completes one cycle in the141

24-month integration, which is slightly shorter than the time that MERRA-2 takes to complete142

the cycle. With only one simulated cycle in the NR, we avoid placing too much significance on143

this shorter period. The winds in the NR are stronger than in MERRA-2 during the eastward144

phase, especially in the upper half of the plot range. As in MERRA-2, the NR winds are larger145

in magnitude during the westward phase than in the eastward phase, however the difference is not146

quite as pronounced in the NR as it is in MERRA-2. This can be seen more clearly in Figs. 1c and147

d, which show the average zonal mean zonal wind for eastward (red) and westward (blue) winds,148

i.e., the red line is calculated at each pressure level as the average over all times for which the149

zonal mean zonal wind is positive. The lines from panel c are replotted in panel d as dashed lines150

for ease of comparison. Overall, there is fairly good agreement between the NR and MERRA-2151

average zonal mean zonal winds. The largest differences between the NR and MERRA-2 average152
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zonal mean zonal wind are in the westward winds between 50 and 30 hPa and the eastward winds153

above ∼30 hPa.154

4. Evaluation of NR tropical precipitation155

Precipitation variability is a key indicator of tropical wave generation. The dominant source156

of vertically propagating waves that drive the QBO is latent heat release in precipitating clouds157

(Holton 1972; Ricciardulli and Garcia 2000; Stephan and Alexander 2015). Figure 2 compares158

the zonal wavenumber-frequency spectrum of tropical precipitation (15◦S–15◦N) of the NR and159

the Tropical Rainfall Measuring Mission (TRMM) satellite (3B42 product, Huffman et al. 2007).160

To produce the spectra we followed the method of Kim and Alexander (2013), which compared161

TRMM to several reanalyses including MERRA. Briefly, 3-hourly averages of precipitation from162

the NR were binned to 1.875◦× 1.875◦, and a fast Fourier transform was performed on 36-day163

time periods with a 6-day overlap and taper. Figure 2a is the average over the 2 years of the164

NR, and Figure 2b is the 3-year average of TRMM from January 2005 through December 2007.165

Compared to TRMM, the NR has lower spectral densities at higher frequencies; however, the166

NR represents the higher frequency variability better than the reanalyses included in Kim and167

Alexander (2013). The NR also reproduces the preference for westward propagating waves seen168

in TRMM. Overall, the NR is able to realistically represent a broad range of tropical precipitation169

variability and convectively coupled waves, which are the sources of vertically propagating waves170

that drive the QBO. The mean tropical precipitation rate is 0.23 mm hr−1 in the NR compared to171

0.16 mm hr−1 in TRMM. The NR tropical precipitation rate is at the high end of those found in172

reanalysis data sets (0.19–0.23 mm hr−1) (Kim and Alexander 2013).173

Dividing the antisymmetric and symmetric components of Figures 2(a) and 2(b) by the smoothed174

background spectra, as described in Wheeler and Kiladis (1999), reveals the preferred modes of the175
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sub-monthly precipitation variability. Figures 2(c) and 2(d) show the antisymmetric component of176

the precipitation variance in the NR and TRMM, respectively, and Figures 2(e) and 2(f) show the177

symmetric components. Theoretical dispersion curves for even and odd meridional mode number178

equatorial waves for equivalent depths of 12, 25, and 50 m are also plotted, assuming a zero wind179

basic state. Equatorial wave modes include Kelvin, equatorial Rossby, mixed Rossby-gravity, and180

eastward and westward inertia-gravity waves. It can be seen in Figures 2(c–f) that the NR preferred181

modes of variability closely match the preferred modes of variability in TRMM. Although the182

spectrum of temperature is not shown here, we note that typical Kelvin wave and mixed Rossby-183

gravity wave amplitudes in temperature at∼100 hPa are±2.5 K and±1.3 K, resepectively, which184

are comparable to observational estimates (e.g., Alexander et al. 2008; Alexander and Ortland185

2010).186

The spectrum in Figure 2a indicates the organization of precipitation variability, but in an av-187

erage sense. Occurrences of precipitation extremes are another separate indicator of the strength188

of high frequency wave generation. Gelaro et al. (2015) (Figure 3.29) showed that the probability189

distribution of NR precipitation is higher than TRMM at both low (< 1 mm hr−1) and high (>190

20 mm hr−1) precipitation rates and lower than that of TRMM at intermediate precipitation rates.191

The infrequent high precipitation rates correspond to intermittent, localized bursts of precipitation192

and are strong sources of gravity waves, whereas the frequent low precipitation rates correspond193

to more or less continuous drizzle.194

5. Resolved waves and wave driving of the NR-QBO195

The zonal force generated by the NR resolved waves can be studied using wave-mean flow196

theory. The transformed Eulerian-mean (TEM) (Andrews and McIntyre 1976) zonal mean zonal197
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momentum equation in log-pressure coordinates is:198

∂u
∂ t
− v∗

[
f − 1

acosφ

∂

∂φ
(ucosφ)

]
+w∗

∂u
∂ z

=
1

ρ0acosφ
∇ ·F+X (1)

where ρ0 = ρs exp(−z/H), ρs is a reference density, H is a constant scale-height, z =−H ln p/ps,199

p is pressure, ps is a reference pressure, u,v,w are zonal, meridional, and vertical velocity, f is the200

Coriolis parameter, a is Earth’s radius, φ is latitude, F is the Eliassen-Palm (EP)-flux vector, and201

X includes all other dissipative forces. We chose ps =1000 hPa, H =7 km, and ρs =1.225 kg m−3.202

Overbars denote zonal means and ∗ denotes residual circulation variables. The divergence of the203

EP-flux, which represents the wave forcing in the TEM zonal momentum equation, is204

∇ ·F =

[
1

acosφ

∂

∂φ

(
Fφ cosφ

)
+

∂Fz

∂ z

]
(2)

and the horizontal and vertical components of the EP-flux vector are205

Fφ = ρ0acosφ

(
v′θ ′

∂θ/∂ z
∂u
∂ z
−u′v′

)
(3)

and206

Fz = ρ0acosφ

{
v′θ ′

∂θ/∂ z

[
f − 1

acosφ

∂

∂φ
(ucosφ)

]
−u′w′

}
(4)

207

where θ is potential temperature and the primed quantities are deviations from the zonal mean.208

The components of the EP-flux vector can also be computed as a function of zonal wavenumber,209

k, and frequency, ω:210

Fφ (k,ω) = ρ0acosφ

{
ℜ[V (k,ω)Θ̃(k,ω)]

∂θ/∂ z
∂u
∂ z
−ℜ[U(k,ω)Ṽ (k,ω)]

}
(5)

211

Fz(k,ω) = ρ0acosφ

{
ℜ[V (k,ω)Θ̃(k,ω)]

∂θ/∂ z

[
f − 1

acosφ

∂

∂φ
(ucosφ)

]
−ℜ[U(k,ω)W̃ (k,ω)]

}
(6)

10



212

where ℜ denotes the real part and the tilde denotes the complex conjugate. U(k,ω), V (k,ω),213

W (k,ω), and Θ(k,ω) are the two-dimensional Fourier transforms of u(λ , t), v(λ , t), w(λ , t), and214

θ(λ , t), where λ is longitude and t is time. In the following analysis we used hourly instantaneous,215

0.5◦×0.5◦ (lon× lat) variables to compute the spectra. We note that hourly average covariances of216

w and u were also saved, but we found that the w′u′ component of the vertical EP-flux divergence217

was almost identical to that obtained with the hourly instantaneous files for the majority of the218

simulation.219

Figure 3 shows the wavenumber-frequency spectrum of the vertical component of the EP-flux220

vector (Eq. 6), Fz, averaged over the 2-year NR between 10◦S and 10◦N and over the pressure221

range ∼118–100 hPa. We chose the common tropical convention, where eastward propagating222

waves are displayed with positive flux and westward waves with negative flux. Note that some223

positive flux appears for negative zonal wave numbers since the phase speeds here are relative224

to the ground and not the background wind. The EP-flux spectrum shows that the NR has a225

strong population of atmospheric waves across the full range of frequencies with the largest power226

concentrated at the lower frequencies (i.e., a red spectrum). The NR EP-flux spectrum also has a227

realistic distribution of phase speeds. In particular, the double lobe structure centered around ±20228

and ±50 m s−1 is similar to Figure 11a from Ricciardulli and Garcia (2000), which shows vertical229

EP-flux derived from the global cloud imagery (GCI) dataset.230

The wavenumber-frequency spectrum of the EP-flux divergence term in Eq. 1 can be obtained231

by plugging Fφ (k,ω) and Fz(k,ω) into Eq. 2 and dividing by ρ0acosφ . Henceforth, EP-flux232

divergence will be used to refer to the first term on the right hand side of Eq. 1. Figure 4 shows233

wavenumber-frequency spectra of EP-flux divergence for regions with a strong eastward shear234

with height (Fig. 4a) and a strong westward shear with height (Fig. 4b). The region of strong235
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eastward shear is August 2005 between 20 and 10 hPa, and the region of strong westward shear is236

July 2006 between 20 and 10 hPa (see Fig. 1a). Note that there is significant EP-flux divergence237

for the highest phase speed gravity waves at these levels.238

Figure 5 shows the total resolved EP-flux divergence as a function of pressure and time (a)239

and the contribution from (b) westward propagating small-scale waves, (c) westward propagating240

large-scale, low-frequency waves, (d) eastward propagating small-scale waves, and (e) eastward241

propagating large-scale, low-frequency waves to the total. The large-scale, low-frequency contri-242

bution was obtained by summing the monthly EP-flux divergence at each level over 1≤ |k| ≤11243

and ω <1 cpd. The large-scale, low-frequency waves include the equatorial wave modes, such244

as Kelvin, equatorial Rossby, mixed Rossby-gravity, and eastward and westward inertia-gravity245

waves. The small-scale contribution was obtained by summing over |k| ≥12 (∼3300 km). The246

eastward and westward components were obtained by summing only positive or negative values247

of EP-flux divergence for each region.248

The resolved EP-flux divergence in the westward shear zones of the NR-QBO is dominated by249

small-scale westward propagating waves between ∼50 and 10 hPa (Figure 5b), which contribute250

∼60% of the total westward resolved wave forcing (averaged over the westward shear zones).251

Large-scale, low-frequency westward propagating waves contribute 30-40% of the total westward252

resolved wave forcing above 30 hPa. The large increase in negative EP-flux divergence from253

December 2005 through February 2006 in Figure 5c is likely due to large-scale planetary and254

synoptic waves from the NH winter that propagate into the tropics during the eastward phase255

of the NR-QBO and may contribute to the slower descent of the westerly wind in that period.256

Averaged over the eastward shear zones, the small-scale eastward propagating waves contribute257

∼35% of the total eastward resolved wave forcing (Figure 5d), and eastward propagating large-258

scale, low-frequency waves make up half of the eastward resolved wave forcing (Figure 5e). The259
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rest of the EP-flux divergence is provided by regions of the spectrum not included in Figures 5b-e.260

For example, large-scale, high frequency waves contribute less than 10% of the EP-flux divergence261

in both eastward and westward shear zones.262

Figure 6 shows the distribution of small-scale EP-flux divergence in different wavenumber bins263

at (a) ∼15 hPa, (b) ∼30 hPa, and (c) ∼50 hPa. Gravity waves with wavelength of ∼1000 km264

or less (k ≥ 40) contribute substantially to the small-scale EP-flux divergence at all levels. In265

eastward shear zones they account for up to half of the small-scale forcing, and in westward shear266

zones they account for ∼ 55−70% of the small-scale forcing. The smallest-scale resolved waves267

(k ≥ 200; λx . 200 km) contribute about 3% of the small-scale forcing in eastward shear zones268

and up to 7% of the small-scale forcing in westward shear zones at ∼15 hPa. However, these269

estimates of the smallest-scale resolved wave contributions should be considered with caution due270

to the unrealistically large dissipation at the smallest model scales as discussed below.271

These results are in reasonable agreement with Kawatani et al. (2010) with respect to the pro-272

portion of resolved wave forcing coming from large- and small-scale waves, but the magnitude of273

the total resolved wave forcing is lower in the NR. The ever-present areas of light blue and red274

in Figure 5(b-e) highlight one potential reason why the total resolved wave forcing is relatively275

low in the NR. If waves dissipated only as they approached their critical levels where their vertical276

scales shrink to small values, dissipation would be limited to eastward waves in eastward shear277

and westward waves in westward shear. However, it is clear that both eastward and westward278

propagating waves are damped simultaneously throughout the entire simulation. Hence it appears279

as if dissipation is acting everywhere on the waves in the model without sufficient selectivity for280

vertical scale. Further evidence of this is seen in the kinetic energy power spectrum (shown in281

Figure 2.10 in Gelaro et al. (2015)). For long horizontal wavelengths >1000 km, the slope of the282

power spectrum closely follows the established n−3 law, where n is total horizontal wavenumber.283
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At shorter scales in the observations, the spectrum transitions to n−5/3 characteristic of observed284

gravity waves (e.g. Nastrom and Gage 1985), but in the NR, the slope of the spectrum never285

reaches n−5/3. Instead, the NR spectrum sharply falls off as the horizontal wavelengths approach286

the smaller resolved scales. This is characteristic of unrealistically large dissipation at the smaller287

resolved scales in the model.288

Figure 7 examines the potential effects of this unrealistically large dissipation by addressing289

the question: how much cancelation due to simultaneous eastward and westward forcing occurs290

in the NR? The solid lines represent the net EP-flux divergence in the NR, whereas the dashed291

lines show what the EP-flux divergence would be if the wave dissipation was limited to eastward292

waves in eastward shear zones and westward waves in westward shear zones. The EP-flux diver-293

gence is reduced by about half in the westward shear zones and reduced by 84–95% between 50294

and 10 hPa in the eastward shear zones. The unrealistically large damping is most likely due to295

the degree of explicit divergence damping and implicit dissipation associated with the numerical296

scheme. For example, Yao and Jablonowski (2015) showed that different dynamical core options297

in NCAR’s Community Atmosphere Model, version 5 (CAM5) impacted the ability of the model298

to sustain QBO-like oscillations in a simple dry GCM setup with the Held and Suarez (1994) forc-299

ing scheme. In particular, a simulation with the gridpoint-based FV dynamical core did not sustain300

the initialized QBO, while simulations with the Eulerian, spectral element and semi-Lagrangian301

cores developed spontaneous QBO-like oscillations. All model simulations were run with iden-302

tical vertical grids (∆z = 1.25 in the stratosphere) and horizontal resolutions of ∼2◦× 2◦. The303

wave activity and EP-flux divergence were reduced in the FV dynamical core simulation, which304

the authors pointed out could be attributable to the FV dynamical core being more diffusive than305

the other dynamical cores. Since not all simultaneous wave dissipation can be attributed to the un-306
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realistically large damping in the model, the numbers given above for the NR should be regarded307

as an upper limit of how the dissipation is opposing the NR-QBO forcing.308

In addition to small-scale dissipation, there appears to be some cancellation due to large-scale309

waves. The large-scale westward propagating waves (Figure 5c) have the strongest cancelation310

(i.e., negative EP-flux divergence is large in eastward shear zones, for example in June-August311

2005 above 20 hPa). This most likely is a result of planetary waves from the winter hemisphere312

that penetrate into the tropics when the QBO is transitioning from easterly to westerly. With only313

two years of simulation, it is not possible to know if this would be a common or rare occurrence314

in the model.315

6. Comparison to MERRA-2 zonal force316

To obtain a realistic model QBO, we expect that the sum of the resolved EP-flux divergence317

and the parameterized GWD, if present, be comparable to the total zonal force obtained from ob-318

servations. To evaluate whether this is true for the NR, we have chosen to use MERRA-2 since319

it has a QBO that closely matches observations. Figure 8 shows the sum of the EP-flux diver-320

gence from resolved waves and the GWD from parameterized waves in the NR as well as the321

total zonal force in MERRA-2. The total zonal force refers to the lefthand side of Equation 1,322

and the resolved EP-flux divergence and parameterized GWD are included on the righthand side323

of Equation 1. We computed the residual circulation needed to estimate the total zonal force for324

MERRA-2 by iteratively solving the thermodynamic equation (Solomon et al. 1986). To sum-325

marize the method, radiative heating rates from MERRA-2 (Global Modeling and Assimilation326

Office (GMAO) 2015b) were used to obtain an initial approximation of w∗, which was then used327

to obtain the TEM streamfunction, Ψ
∗. From Ψ

∗ we evaluated v∗, which was in turn used to cor-328

rect the initial approximation of w∗ and the process was iterated until the solution converged to329
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less than 1% difference from one iteration to the next. Figure 9 shows w∗ for MERRA-2 (blue) as330

well as the NR (red). For comparison, the dashed red line shows w∗ for the NR using the kinematic331

method of calculation described in Coy and Swinbank (1997). This method uses the meridional332

wind and temperature to calculate v∗ from the definition given in Andrews and McIntyre (1976)333

and the TEM mass continuity equation to obtain w∗. Figure 9 shows that the two methods for334

calculating w∗ agree extremely well. We used the pressure-level variables to calculate the NR335

residual circulation for a direct comparison to MERRA-2. The overall shape and magnitude of w∗336

are very similar for the NR and MERRA-2.337

With the iterative thermodynamic method, values of MERRA-2 w∗ are ∼ 0.3, 0.2, and 0.4 mm338

s−1 at 18, 21, and 27 km respectively. Using observed water vapor to estimate w∗, Schoeberl et al.339

(2008) obtained values of∼ 0.4, 0.3, and 0.6 mm s−1 at 18, 21, and 27 km respectively. MERRA-2340

w∗ values are also comparable to MERRA and other reanalysis and model estimates (Abalos et al.341

2015; Seviour et al. 2012; Osprey et al. 2013).342

As stated above, to obtain a realistic model QBO the sum of the resolved EP-flux divergence and343

the parameterized GWD should be comparable to the total zonal force in MERRA-2. Indeed they344

are similar, however there are some significant differences especially towards the upper and lower345

levels shown in Figure 8. For example, in the NR the sum of the resolved EP-flux divergence and346

parameterized GWD is larger than the total zonal force in MERRA-2, especially at the upper levels347

in the westward phase of the QBO. This could explain why the NR-QBO completes its cycle at a348

somewhat faster rate than in MERRA-2, even though they started with the same winds.349

Between 40 and 10 hPa, the resolved EP-flux divergence is between ∼8 and 40 times smaller350

than the parameterized GWD averaged over regions of eastward shear and only ∼3–4 times351

smaller averaged over regions of westward shear. The parameterized GWD is comparable in mag-352

nitude to the total zonal force from MERRA-2 at most levels. Perhaps most importantly, the large353

16



parameterized gravity wave forcing appears to be necessary to counter the effects of non-selective354

wave dissipation, which is evidenced by the similarity of the dashed profiles in Figure 7 to the355

MERRA-2 total force in Figure 8. In other words, if the resolved waves instead selectively dis-356

sipated in the shear zones where their vertical scales grew short the parameterized gravity waves357

could be greatly reduced or eliminated.358

7. EP-flux divergence and model resolution359

To better understand the effects of horizontal and vertical resolution on resolved EP-flux diver-360

gence, Figure 10 compares EP-flux divergence profiles for three model runs: (blue) a control run361

with 1◦ horizontal resolution and 72 vertical levels, (orange) a run with 1◦ horizontal resolution362

and 137 vertical levels, and (red) the NR (0.0625◦ horizontal resolution and 72 vertical levels). The363

profiles are averaged over the descending westward phase of the QBO so that the zonal mean zonal364

wind profiles are similar with zero-wind lines near the same level. Note that we used pressure-level365

data (interpolated from the different model levels to a common set of pressure levels) to calculate366

the EP-flux divergence for each model run.367

Doubling the vertical resolution increases the EP-flux divergence by about a factor of 2 near the368

zero-wind line, whereas increasing the horizontal resolution (by a factor of 16, or 256 additional369

points within each grid cell) increases the EP-flux divergence by almost a factor of 4 near the370

zero-wind line (∼20 hPa). However, the parameterized GWD from the NR is almost a factor of 4371

larger still than the resolved EP-flux divergence in the NR between 20 and 10 hPa. It is uncertain372

if doubling the vertical resolution in the NR would double the EP-flux divergence. The combined373

effect of increasing both horizontal and vertical resolution could be more than additive as higher374

vertical resolution would support more of the wave spectrum generated by higher horizontal reso-375

lution and reduce dissipation. While it is possible that doubling the vertical resolution alone could376
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permit a NR-type simulation to produce a QBO without parameterized gravity wave drag, reduced377

divergence damping might still also be necessary.378

8. Summary and conclusions379

We have investigated tropical waves and their role in driving the QBO-like oscillation in the380

global 7-km horizontal resolution NR. We found that the NR has a realistic representation of381

a broad range of convectively generated waves. The NR precipitation spectrum resembles the382

TRMM spectrum in many ways, including the preference for westward propagating waves. The383

NR-QBO completes one cycle in the ∼24 month simulation, which falls within the range of ob-384

served QBO periods. The NR-QBO cycle is slightly shorter than MERRA-2 for the same time385

period even though the NR was initialized with MERRA winds. Overall, the average zonal mean386

zonal winds agree fairly well between the NR and MERRA-2. Both NR and MERRA-2 winds387

are larger in magnitude during the westward phase than in the eastward phase. The largest dis-388

crepancies are that the winds in the NR are stronger than in MERRA-2 during the eastward phase389

above∼30 hPa, and the winds in the NR are weaker than in MERRA-2 during the westward phase390

between ∼50 and 30 hPa.391

We analyzed the resolved wave spectrum and contribution of different scales of waves to the392

EP-flux divergence and found that in eastward shear zones the resolved forcing is roughly split393

between large-scale Kelvin and small-scale (k≥ 12) waves. In westward shear zones, the resolved394

forcing is dominated by small-scale waves. We also found that gravity waves with zonal wave-395

length ≤1000 km are important drivers of the resolved EP-flux divergence and account for up396

to half of the small-scale resolved wave forcing in eastward shear zones and up to 70% of the397

small-scale resolved wave forcing in westward shear zones. The smallest-scale resolved waves (.398

200 km) also make up a non-trivial portion of the small-scale resolved wave forcing (up to 7% in399
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westward shear zones and 3% in eastward shear zones) despite unrealistically large dissipation at400

the smallest model scales.401

Even with very high horizontal resolution and a reasonably realistic population of resolved402

waves, parameterized gravity wave drag is still the main driver of the NR-QBO. We showed evi-403

dence that increasing the vertical resolution would reduce the need to rely on parameterized GWD404

to obtain a QBO. We also hypothesized that increasing scale-selectivity in the diffusion scheme405

could reduce the need to rely on parameterized GWD. The experiments contrasting low and high406

horizontal and vertical resolutions showed that better resolution in either the horizontal or vertical407

increases the EP-flux divergence as expected, and increasing the vertical resolution had a much408

larger relative effect: doubling the vertical resolution doubled the EP-flux divergence, whereas a409

factor of 16 increase in horizontal resolution only quadrupled the EP-flux divergence.410
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FIG. 2. Averaged wavenumber-frequency precipitation spectra for (a) NR and (b) TRMM between 15◦S and

15◦N, NR (c) antisymmetric and (e) symmetric components of precipitation variance, and TRMM (d) antisym-

metric and (f) symmetric components of normalized precipitation variance (as in Wheeler and Kiladis (1999)).

Theoretical dispersion curves for even and odd meridional mode number equatorial waves for equivalent depths

of 12, 25, and 50 m are also plotted, assuming a zero wind basic state.
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FIG. 3. NR zonal wavenumber-frequency spectrum of vertical EP-flux averaged between 10◦S and 10◦N and

∼118–100 hPa. Eastward propagating waves are displayed with positive flux and westward waves with negative

flux. Black lines are phase speeds relative to the ground in m s−1.
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FIG. 4. NR zonal wavenumber-frequency spectra of EP-flux divergence averaged between 10◦S and 10◦N

and ∼20–10 hPa for (a) August 2005 and (b) July 2006. Black lines are phase speeds relative to the ground in

m s−1.
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FIG. 5. (a) NR total EP-flux divergence versus pressure and time, (b) negative small-scale contribution to

EP-flux divergence, (c) negative large-scale, low-frequency contribution, (d) positive small-scale contribution,

and (e) positive large-scale, low-frequency contribution. Black contours are zonal mean zonal wind, where the

thick solid line is 0 m s−1, the contour interval is 4 m s−1, and the dashed contours are negative. All panels

are calculated from monthly spectra and averaged between 10◦S and 10◦N. Large-scale, low-frequency refers to

waves with 1≤ |k| ≤ 11 (λx ≈ 3600 km) and ω <1.0 cpd. Small-scale refers to waves with |k| ≥12.
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FIG. 6. NR EP-flux divergence versus time at (a) ∼15 hPa, (b) ∼30 hPa, and (c) ∼50 hPa for small-scale

waves in different zonal wavenumber bins averaged between 10◦S and 10◦N.
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FIG. 7. NR EP-flux divergence as a function of pressure from both eastward and westward waves averaged

over eastward shear zones (solid red line) and westward shear zones (solid blue line) compared to only eastward

waves in eastward shear zones (dashed red line) and only westward waves in westward shear zones (dashed blue

line). The averages are from July 2005–June 2007 and between 10◦S and 10◦N.
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FIG. 8. The sum (thick dotted-dashed lines) of the resolved EP-flux divergence (thin dotted lines) and param-

eterized GWD (thin dashed lines) averaged between 10◦S and 10◦N as a function of pressure in NR compared to

the total zonal force (LHS of Eq. 1) in MERRA-2 (thick solid lines) averaged over eastward (red) and westward

(blue) shear phases of the QBO from July 2005–June 2007.
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FIG. 9. NR (red) and MERRA-2 (blue) w∗ averaged between 10◦S and 10◦N as a function of pressure, aver-

aged over July 2005–June 2007. The solid red line shows w∗ calculated by iteratively solving the thermodynamic

equation, as described in the text. The dashed red line shows w∗ calculated with the kinematic method referenced

in the text.
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FIG. 10. (a) Zonal mean zonal wind and (b) EP-flux divergence as a function of pressure for a run with 1◦

horizontal resolution and 72 vertical levels (blue), a run with 1◦ horizontal resolution and 137 vertical levels

(orange), and (red) the NR (0.0625◦ horizontal resolution and 72 vertical levels) averaged over the descending

westward phase of the QBO between 10◦S and 10◦N.
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