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Abstract 
For the 22-year solar cycle oscillation there is no external time dependent 
source. A nonlinear oscillation, the solar cycle must be generated internally, 
and Babcock-Leighton models apply an artificial nonlinear source term that 
can simulate the observations—which leaves open the question of the actual 
source mechanism for the solar cycle. Addressing this question, we propose 
to take guidance from the wave mechanism that generates the 2-year Qua-
si-biennial Oscillation (QBO) in the Earth atmosphere. Upward propagating 
gravity waves, eastward and westward, deposit momentum to generate the 
observed zonal wind oscillation. On the Sun, helioseismology has provided a 
thorough understanding of the acoustic p-waves, which propagate down into 
the convective envelope guided by the increasing temperature and related 
propagation velocity. Near the tachocline with low turbulent viscosity, the 
waves propagating eastward and westward can produce an axisymmetric 
22-year oscillation of the zonal flow velocities that can generate the magnetic 
solar dynamo. Following the Earth model, waves in opposite directions can 
generate in the Sun wind and magnetic field oscillations in opposite direc-
tions, the proposition of a potential solar cycle mechanism.  
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1. Introduction 

Unlike the 12-hour lunar tide that is generated by the gravitational interaction of 
the Moon around the Earth, a linear oscillation, there is no external time depen-
dent source for the solar cycle. The 22-year variation of the Sun is a nonlinear 
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oscillation that must be generated internally—and the nonlinear source applied 
in Babcock-Leighton models can simulate the observed variations of the dipole 
magnetic field (e.g., Dikpati and Charbonneau [1]).  

Discussed in Section 2, the solar oscillation is generated with an artificial non-
linear source term that has been formulated based on the observed evolution and 
build-up of the toroidal and poloidal magnetic fields during the solar cycle 
(Babcock [2]; Leighton [3]). This raises the question what the actual mechanism 
is that generates the solar cycle variation.  

Addressing this question, we propose that wave interactions can provide the 
momentum source for the 22-year oscillation. Waves propagating in opposite 
directions are a natural source for generating oscillations. And this mechanism 
has been explored and applied in the Earth atmosphere, where eastward-west- 
ward propagating gravity waves generate the observed 2-year Quasi-biennial 
Oscillation (QBO) of the eastward-westward zonal wind velocities discussed in 
Section 3. The wave interaction that generates the QBO serves as model-analo- 
gue for the solar cycle mechanism.  

The proposed wave mechanism can readily be applied in the Sun where he-
lioseismology has provided a thorough understanding of the p-waves that prop-
agate through the convective envelope of the Sun. Over decades, wave observa-
tions with Doppler measurements have been applied to explore the convection 
region with differential rotation, discussed in Section 4.  

With advanced understanding of wave dynamics, both on Earth and in the 
Sun, the proposed wave mechanism is a potent and natural source for the excita-
tion of the 22-year solar cycle oscillation—cross fertilization between terrestrial 
and solar atmosphere dynamics. Advanced understanding of the p-waves gained 
from helioseismology can serve to formulate/develop, and apply, the proposed 
source mechanism for the solar cycle—the motivation and purpose of the 
present paper discussed in Section 5.  

2. Solar Dynamo Models 

Charbonneau [4] reviewed the extensive literature on magneto hydrodynamic 
(MHD) dynamo models of the 22-year solar cycle and related observations. Pars 
pro toto, we refer to the model of Dikpati and Charbonneau [1], which is built 
on the early developments of Babcock [2] and Leighton [3]. Dikpati and Char-
bonneau [1] generate the solar oscillation with a kinematic 2D zonal-mean 
magnetic field model that simulates the toroidal and radial magnetic fields vary-
ing with a period of 20 years.  

The dynamo model of Dikpati and Charbonneau [1] is generated with an ar-
tificial source term for the poloidal magnetic field 
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which is presented here in a Taylor series expansion  
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Here Bϕ  represents the toroidal magnetic field, (r, θ) are spherical polar 
coordinates (rc, for the tachocline region), and the value Bo = 105 G is chosen.  

The nonlinearity of the source term in Equation (1a), the only nonlinear term 
in the model, has the property that it is of odd (e.g., 3rd) power, and the nonli-
nearity points into the direction of the oscillating Bφ. With solar cycle frequency, 
ω, and complex notation, a source in the form ∝  [Exp(iωt)]3# produces the 
term with Exp[i(ω + ω + ω)t] for the higher order frequency, 3ω. But the source 
also generates Exp[i(ω + ω − ω)t] for the fundamental frequency ω, that main-
tains the oscillation. (In Babcock-Leighton dynamo models, the nonlinear source 
term has the character of the momentum source that generates the zonal winds 
of the quasi-biennial oscillations (QBO) discussed in Section 3). 

In the MHD model of Dikpati and Charbonneau [1], the solar differential ro-
tation and meridional flow velocities are applied that are taken from helioseis-
mology (e.g., Scherrer et al. [5]). And a height dependent magnetic diffusivity is 
applied to control the buoyancy and oscillation period of the magnetic field.  

The nonlinear Babcock-Leighton source mechanism (Equation (1)) has also 
been applied in a full MHD model that generates the zonal and meridional flow 
velocities (Rempel [6]). The resulting magnetic field variations reproduce the 
observed patterns of the 22-year solar cycle. 

Magnetic field variations in the Sun can be generated without the artificial 
Babcock-Leighton source (e.g., Brun et al., [7]). In this 3D model, vector spheri-
cal harmonics are employed to provide solutions of the nonlinear MHD equa-
tions with turbulence, covering the convective envelop of the Sun above the ta-
chocline. For the sub-grid flow velocities and magnetic fields, the eddy diffusivi-
ty is parameterized to produce globally uniform variations, increasing with alti-
tude inversely proportional to the square-root of the background density. The 
model explores the dynamical properties of the solar dynamo, which shows that 
the amplitude and period of the oscillation increase with decreasing diffusivity. 
The dynamo results for the lowest diffusivity have periods around 3 years (Fig-
ure 11 of Brun et al. [7]).  

3. Wave Generated Oscillations in the Terrestrial  
Atmosphere 

In the zonal circulation of the Earth lower atmosphere at equatorial latitudes, the 
Quasi-biennial Oscillation (QBO) dominates with periods between 20 and 32 
months. Lindzen and Holton [8], and Holton and Lindzen [9] demonstrated that 
the QBO can be generated with global-scale long-period planetary waves (PW), 
eastward propagating Kelvin waves and westward propagating Rossby Gravity 
waves. Modeling studies with realistic PW have shown that small-scale short- 
period gravity waves (GW), with isotropic propagation, are more effective in 
generating the QBO (e.g., Hitchman and Leovy [10]). Dealing with the observed 

 

 

#Cos(ωt)3 = Cos(3ωt)/4 + 3Cos(ωt)/4. 
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broad frequency spectrum and short horizontal wave lengths, the GW interac-
tion with the atmosphere was parameterized, and several models have shown 
that the wave source can generate the QBO (e.g., Mengel et al. [11]; Dunkerton 
[12]; Akmaev [13]).  

We present here the computed zonal winds generated with the 3D Numerical 
Spectral Model (NSM), fully nonlinear, which was developed by Chan et al. [14]. 
Starting with Mengel et al. [11] and Mayr et al. [15], the NSM has been run with 
the Doppler Spread Parameterization (DSP) for GW momentum deposition 
(Hines [16] [17]). The DSP deals with a spectrum of waves and accounts for 
nonlinear interactions that produce Doppler spreading, which is important for 
the wave interaction that generates the GW momentum source and eddy viscos-
ity. In Figure 1 are shown the results for the zonal winds with QBO period of 30 
months, which was generated with the 2D version of the NSM and with latitude 
independent GW source (Mayr et al. [18]). In Figure 1(a), the altitude variations 
are presented at 4˚ latitude, and in Figure 1(b) the variations with latitude at 
about 20 km.  
 

 

Figure 1. (a) Zonal winds near the equator with QBO oscillation period of 30 months 
plotted versus altitudes. (b) Latitudinal variations at about 20 km show that the oscillation 
is confined to low latitudes as observed; it is generated with a globally uniform gravity 
wave (GW) momentum source (Figure taken from Mayr et al. [18]). 
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Lindzen and Holton [8] discussed and emphasized the unique dynamical con-
ditions for generating the QBO at equatorial latitudes, illuminated by the zonal 
momentum balance, 

2

22 sin ,Ui U V K MS
r

ρω θρ ρ ∂+ Ω − =
∂

                (2) 

with standard notations, U, V zonal and meridional winds, K eddy viscosity, and 
MS wave momentum source. At the equator, θ = 0, where the Coriolis force va-
nishes, the wave forcing is very effective because it is dissipated only by viscosity. 
Away from the equator, the meridional circulation increasingly comes into play 
to redistribute and dissipate the flow oscillation. The zonal winds thus peak at 
the equator, as shown in Figure 1(b), and in agreement with observations. 

The QBO at the equator is solely dissipated by the eddy viscosity/diffusivity, 
K, and Figure 2(a) shows that K increases exponentially as the GW amplitude 
grows with altitude. The corresponding time constant in Figure 2(b) produces 
periods that decrease with altitude, varying from about 2 years at 35 km to val-
ues close to 6 months near 50 km, in qualitative agreement with the oscillation 
pattern in Figure 1(a).  
 

 

Figure 2. (a) Altitude variation of eddy diffusivity/viscosity that dissipates the zonal winds generated with the numerical model 
(Figure taken from Mayr et al. [15]). (b) Eddy viscosity time constant versus altitude with periods around 2 years for the QBO at 
around 35 km (Figure taken from Mayr and Schatten [19]). 
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The connection between dissipation and oscillation period is shown in a 
computer experiment (Mayr et al. [20]) that produces the numerical results pre-
sented in Figure 3. With identical wave source, the zonal winds were generated 
with different eddy viscosities. Compared with the zonal winds for Ks, the oscil-
lations with lower viscosity, Ks/2, have periods about a factor of two longer, and 
the amplitudes are larger by about the same factor.  

A numerical experiment, the solutions in Figure 3 were generated with the 
Sun fixed at the equator. Without external time dependent solar heating and 
with constant GW momentum source, QBO-like oscillations are generated in 
the lower atmosphere. A nonlinear oscillation is generated internally—and the 
nature/property of the nonlinear momentum source is the question. 
 

 

Figure 3. Computed equatorial QBO like oscillations for perpetual equinox without ex-
ternal time dependent source, purely generated by the GW momentum source. Results 
are presented for the standard eddy diffusivity, Ks, and reduced by a factor of 2. The pe-
riod and amplitude of the oscillation increase with decreasing K (Figure taken from Mayr 
et al. [20]). 
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The nonlinearity is displayed in Figure 4, which shows snapshots of the zonal 
winds and accompanying GW momentum source, MS, that is sharply peaked 
near zonal wind shears, dU/dr. This impulsive momentum source can be 
represented in a form that is, to first order, proportional to the 3rd (or odd) pow-
er of the velocity gradient, ∝  [dU/dr]3—which has the character of the artifi-
cial source term (Equation (1a)) that generates the nonlinear solar cycle oscilla-
tion in Babcock-Leighton models (Section 2). 

Without external time dependent solar forcing, and applying a constant GW 
source, waves propagating in the eastward-westward directions can generate 
QBO-like zonal wind oscillations in opposite directions. And the zonal wind 
variations are dissipated by the eddy viscosity, which controls the amplitude and 
period of the oscillation.  

4. Helioseismology and Solar Differential Rotation 

The energy the Sun emits is carried up from the interior by convection. In the 
convective solar envelope, the negative vertical temperature gradient is relatively 
large, larger than the adiabatic lapse rate that is proportional to the gravitational 
acceleration.  

With helioseismology (e.g., Howe [21]; Basu [22]) the variable and radiating 
density variations at the surface are observed to explore the interior structure of 
the Sun. The observed wave oscillations, referred to as pressure waves or p- 
waves, have periods around 5 minutes. The short period high frequency oscilla-
tions represent acoustic waves that can propagate through the convective solar 
envelope. (In the stable terrestrial atmosphere, energized by absorbed solar radi-
ation, the propagating oscillations are gravity waves with periods of order 
hours.) 
 

 

Figure 4. Snapshot of effective gravity wave (GW) momentum source (MS) divided by 
mass density and eddy viscosity, shown with solid line for comparison with zonal winds, 
U. The sharp peaks of MS in the direction of the velocity gradients (positive and negative) 
represent a non-linearity of 3rd (odd) power (Figure taken from Mayr et al. [20]). 
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The acoustic p-waves propagate down into the convection region with the full 
range of directions like a downward fountain. With increasing temperatures at 
lower altitudes, the horizontal propagation velocity increases proportional to 
T1/2. The waves thus propagate more and more in the horizontal direction at 
lower altitudes—until they eventually turn around at the bottom and propagate 
back to the solar surface. Depending on the direction propagating down, the 
waves experience the increasing propagation velocities associated with the in-
creasing temperatures at lower altitudes. Waves closer to the radial direction 
sense the higher propagation velocities deeper in the solar convection re-
gion—and waves closer to the horizontal direction are modified by the velocities 
closer to the surface.  

Depending on the temperature and turn-around depth, the waves going down 
propagate with velocities that are different from the waves that are returning/ 
refracted to the surface of the Sun. And in the rotating Sun with differential ro-
tation, the resulting Doppler effects determine the propagation velocities ob-
served with helioseismology.  

Given the frequencies and Doppler shifted propagation velocities of the 
acoustic p-waves observed at the solar surface, inversion procedures have been 
developed with helioseismology to explore the global variations of solar differen-
tial rotation inside the convection region (e.g., Paterno [23]). To that end, phys-
ical models have been developed and employed to describe the global-scale pat-
terns of the propagating waves, which are delineated in terms of spherical har-
monics.  

Going back to the 70’s, the frequencies and Doppler velocities have been ob-
served over the years with ground based measurements from stations located all 
over the globe, like the Global Oscillations Network Group (GONG) (e.g. Har-
vey et al. [24]) that covers the entire convection region. And from 1995 to 2010, 
the Michelson Doppler Imager (MDI) (e.g. Gabriel et al. [25]) provided high 
resolution measurements on the Solar and Heliospheric Observatory (SOHO).  

In Figure 5 are presented the variations of solar differential rotation in the 
radial direction, taken from Wikipedia. The flow velocities show relatively small 
variations with altitude. Below the tachocline at 0.7r, the velocities converge to 
the solar rotation frequency of 430 nHz (27 day period rotation). Larger rotation 
rates are observed around the equator and lower ones at high latitudes, confined 
to the convection region above the tachocline.  

5. Proposed Wave Momentum Source for 22-Year Solar  
Cycle 

The question is what kind of mechanism, dynamic in nature, could actually gen-
erate the solar cycle—and we propose that wave interactions in the solar convec-
tion region may provide the momentum source for the 22-year oscillation. This 
notion is advanced by the gravity wave momentum source that generates the 
2-year Quasi-biennial Oscillation (QBO) in the Earth atmosphere. The wave 
mechanism is potent, because waves propagating in opposite directions are a  
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Figure 5. Radial variations of solar differential rotation (Figure taken from Wikipedia). 
 
natural source for reversing oscillations, the eastward-westward vector wind ve-
locities on Earth, and the alternating vector magnetic fields of the solar cycle. 
The wave mechanism is also appealing for the solar convective envelope, where 
the acoustic p-waves have been observed and extensively analyzed with heliose-
ismology (e.g., Howe [21]; Basu [22]). With helioseismology a thorough under-
standing of the propagating p-waves was acquired, which can serve to develop 
and exploit the wave momentum source for the solar oscillation.  

With periods around 5 minutes and relatively large vertical wind velocities, 
the observed surface oscillations on the Sun represent acoustic p-waves. The 
waves propagate down into the convection region with increasing temperature 
and horizontal propagation velocity proportional to T1/2. At lower altitudes, the 
waves propagate increasingly into the horizontal direction, eastward or west-
ward (prograde or retrograde), and finally turn around and propagate back to 
the surface of the Sun as illustrated in Figure 6. Propagating horizontally in op-
posite directions through the turn-around region at the bottom of their trajecto-
ries, the waves can produce a momentum source that generates eastward-west- 
ward zonal flow oscillations in the Sun. In the terrestrial atmosphere, the 2-year 
oscillation is controlled by the time constant for the eddy diffusivity at lower al-
titudes (Figure 2(b)). And in the Sun, the low turbulent diffusivity at the bottom 
of the convection region (e.g., Brun et al. [7]) would favor the 22-year periodici-
ty of the SC oscillation. The tachocline is generally considered to be the source 
region for the SC dynamo (Chardonneau [4]). 

At the base of the convection region, at lower altitudes, the proposed p-wave 
mechanism is more potent, because the wave trajectories cover more of the ho-
rizontal direction. With isotropic uniform downward propagation of the p- 
waves, the depths of the turn-around trajectory varies with the cos of the radial  
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Figure 6. Ray path patterns of p-waves propagating into the Sun (Figure taken from Max 
Planck Institute for Solar System Research).  
http://www2.mps.mpg.de/projects/seismo/SpaceInn/MODEL/travel_time.html  
 
direction. At greater depths near the tachocline, a larger portion of the wave di-
rections/trajectories is involved propagating horizontally with energy dissipation 
and momentum deposition. And with lower viscosity at the base of the convec-
tion region, the wave momentum source is more effective in generating larger 
eastward-westward flow velocities, as illustrated in Figure 3 for the terrestrial 
atmosphere.  

The proposed mechanism for the 22-year oscillation in the Sun is taken from 
the model/analog of the wave mechanism that generates the 2-year Quasi-bi- 
ennial Oscillation (QBO) in the Earth atmosphere—and here is a juxtaposition 
of the differences and similarities.  

In the stable Earth atmosphere, gravity waves provide the momentum source 
for the QBO. The waves are generated by turbulence near the ground, covering a 
wide range of frequencies and vertical wavelengths, and they propagate up to in-
teract with the background atmosphere. Energized by the absorption of solar 
radiation, the zonal winds in the Earth atmosphere tend to increase with alti-
tude, which affects the propagation and momentum deposition of gravity waves 
through critical level absorption (Hines and Reddy [26]; Brooks and Bretherton 
[27]). As the horizontal velocity of the upward propagating waves approaches 
the background wind velocity at a particular altitude, the critical level, the waves 
continue propagating at this level and deposit momentum to accelerate the at-
mosphere in the eastward and westward directions. Absorption of the energy/ 
momentum carried by the upward propagating gravity waves is generating the 
zonal wind oscillation of the QBO. And wave interactions with the QBO zonal 
winds amplify the oscillation through the positive nonlinear feedback of critical 
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level absorption. Internally generated by wave interactions, the period of the 
QBO oscillation is determined by the time constant for the low eddy diffusion 
rate in the lower atmosphere (Figure 2(b)).  

The setting for the proposed wave mechanism in the Sun is different. In the 
convective solar envelope, acoustic p-waves are involved that are observed at 
the boiling solar surface. The p-waves propagate down towards the base of the 
convection region where they interact with the background atmosphere. On 
the Sun, the observed zonal winds of differential rotation are aligned radially 
(Figure 5)—unlike the height variation of the background zonal winds in the 
terrestrial atmosphere that produces critical level absorption of the propagating 
gravity waves. The altitude invariant zonal winds are not attracting critical level 
absorption of p-waves in the Sun. But the p-waves are guided/attracted by the 
increasing temperature and propagation velocity at lower altitudes in the con-
vection region. Like critical level absorption in the Earth atmosphere, the 
p-waves are forced by the increasing internal propagation velocity to propagate 
horizontally eastward and westward (Figure 6), which must be accompanied by 
dissipation and momentum deposition. At lower altitudes near the base of the 
convection region, the horizontal pathway of the waves is getting longer thus in-
creasing the momentum transferred to the atmosphere. With isotropic propaga-
tion, more of the wave energy is also bundled/concentrated at lower altitudes to 
increase the momentum source, and the resulting zonal flow oscillation can be 
amplified by nonlinear wave interactions related to critical level absorption. 
Near the tachocline at lower altitudes in the convection region, the low turbulent 
viscosity can produce the long time constant that generates the 22-year periodic-
ity of the solar cycle. The overall settings for the Earth and Sun are differ-
ent—but the dynamical properties for the terrestrial and solar wave mechanisms 
have much in common—in addition to the fundamental property that propa-
gating waves in opposite directions can readily generate oscillations in opposite 
directions. 

Guided by the seminal theory for the Quasi-biennial Oscillation (QBO) in the 
Earth atmosphere (Lindzen and Holton [8]), a wave generated flow oscillation 
has been discussed in a modeling study applied to the stable region of the solar 
atmosphere below the tachocline (Rogers et al. [28]). The oscillation is generated 
with individual eastward (prograde) and westward (retrograde) propagating 
waves. Unlike the global scale planetary waves in the terrestrial QBO model with 
periods of order days, in this model for the Sun small-scale gravity waves (GW) 
are applied, which have a period close to 6 hours. Run with eddy viscosity 1011 
cm2/s, the generated flow oscillation shown in the paper has a period of about 3 
months (Figure 1 of Rogers et al. [28]). And with viscosity 2 × 1010 cm2/s, the os-
cillation period is close to 5 months. 

Guided by GW simulations of the terrestrial QBO (Mengel et al., [11]), a 
22-year zonal flow oscillation has been generated in a modeling study for the 
stable solar region below the tachocline (Mayr et al. [29]). With a spectrum of 
waves applied in the Doppler Spread Parameterization (DSP) for GW momen-
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tum deposition (Hines [16] [17]), a simplified analytical model (Mayr et al. [30]) 
was employed to explore the zonal flow oscillations in the Sun over a range of 
values for the eddy diffusion rates and convective stability. With eddy diffusivi-
ty/viscosity of about 107 cm2/s, and with wave amplitudes < 10 m/s, the model 
generates a 22-year oscillation with 20 m/s flow velocities, proposed as excitation 
source for the observed solar cycle variation of the magnetic field.  

The above-discussed scenarios of gravity wave generated flow oscillations in 
the stable region of the Sun can serve as model guides for the proposed solar 
cycle mechanism in the convection region with propagating p-waves. Dealing 
with the observed p-wave spectrum, the SC flow oscillation can be generated 
with a parameterization of the momentum source akin to the terrestrial model 
applied in Mayr et al. [29]. 

For the 22-year zonal flow oscillation generated with the proposed wave mo-
mentum source, the model scenario of the SC magnetic dynamo is illustrated in 
Figure 7 (Mayr et al. [29]). With the zonal flow velocities, and Coriolis force, a 
corresponding oscillation is generated in the meridional circulation. In the io-
nized plasma of the Sun with background magnetic fields, and Lorentz force, the 
flow oscillation increases the conductivity. And with enhanced conductivity, the 
eastward-westward electric current oscillation, driven by the zonal velocities, can 
in turn generate the reversing northward-southward magnetic field variation of 
the solar dynamo. Wave generated MHD solar cycle dynamo.  
 

 

Figure 7. Illustration of the scenario for the solar cycle (SC) dynamo generated with the proposed wave momentum source. (a) In 
the convective solar atmosphere, the acoustic p-waves generate the eastward-westward zonal flow oscillation, with the 22-year 
periodicity determined by the turbulent viscosity near the tachocline. With the zonal winds and Coriolis force a corresponding 
oscillation is generated in the meridional circulation. (b) In the solar plasma with Lorentz force, the circulation increases the con-
ductivity. And the electric currents driven by the eastward-westward flow oscillation can produce the northward-southward oscil-
lating dynamo magnetic field (Figure taken from Mayr et al. [29], but applied to the solar convection region). 
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6. Summary 

Without external time dependent source, the 22-year oscillation in the Sun must 
be generated internally, and the nonlinear artificial source term in Babcock- 
Leighton models can produce the observed variations of the magnetic field (Sec-
tion 2). The actual source mechanism of the solar cycle remains an open ques-
tion—and we propose in this review paper that the wave momentum source for 
the Quasi-biennial Oscillation (QBO) in the Earth atmosphere can serve as a 
model-analogue. Discussed in Section 3, gravity waves propagating eastward- 
westward provide the momentum source for zonal wind oscillations with pe-
riods around 2 years controlled by the time constant for eddy diffusion. Gener-
ated internally, the nonlinearity of the wave momentum source is of 3rd (odd) 
order, like the source terms in Babcock-Leighton dynamo models. (A nonlinear-
ity of odd power generates the fundamental frequency in addition to the higher 
order frequencies, which maintains the oscillation.) The proposed wave me-
chanism is a natural and potent source for application in the Sun with heliose-
ismology (Section 4), where acoustic p-waves are observed and analyzed to ex-
plore the interior of the convective solar envelope. With helioseismology a tho-
rough understanding of the propagating p-waves was acquired, which can serve 
to formulate the proposed wave momentum source for the zonal circulation that 
can generate the solar oscillation (Section 5). The atmospheric settings/envi- 
ronments for the propagating waves on Earth and in the Sun are different. 
Propagating up from the turbulent storm environment near the Earth surface, 
the gravity waves are channeled by background zonal winds to produce critical 
level absorption with momentum transfer accelerating the flow. On the Sun, the 
p-waves propagate down from the boiling surface, and the waves are guided/ 
channeled by the increasing temperature and propagation velocity to propagate 
horizontally (Figure 6). P-waves propagating eastward-westward must produce 
a momentum source for horizontal flow oscillations in opposite directions. Near 
the base of the tachocline where the turbulent viscosity is low, the related time 
constant can facilitate the 22-year oscillation. Solar cycle signatures are observed 
in the zonal and meridional flow velocities of the Sun (Imada et al. [31]) in sup-
port of the wave momentum source that is proposed to generate the atmospheric 
oscillation. A zonal flow oscillation can generate the eastward-westward electric 
current oscillation to produce the northward-southward solar cycle variation of 
the dynamo magnetic field illustrated in Figure 7.  
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