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Introduction
The quasi-biennial oscillation (QBO) is an oscillation of easterly and 
westerly stratospheric zonal wind regimes with a period range of 22–34 
months and a mean period of 28 months (Baldwin et al. 2001;  Holton 
2004). 

Both observations and theoretical analysis have identified that 
vertically propagating equatorial Kelvin and Rossby-gravity waves 
drive the westerly and easterly QBO regimes respectively (Holton 
2004).  The QBO is a unique dynamical phenomenon in that its period 
is seemingly unrelated to the periods of these driving waves (Baldwin 
2001). 

This presentation describes results from 2.5-dimension model 
simulations of the effects of tropospheric warming on the QBO.  
Warming was simulated by increasing the amplitudes of Kelvin and 
Rossby-gravity waves. 



Schematic representation of wave-driven accelerations that lead to the zonal wind QBO

(Holton 2004)



Characteristics of the dominant observed planetary-scale waves in the equatorial lower stratosphere

(Holton 2004)



Model description

• Dynamics based on Takahashi’s 2-D model (1987)

• Cordero and Nathan (2000) extended the model by coupling the 
wave and zonal mean ozone continuity equations to the wave and 
zonal mean temperature equations respectively through diabatic 
heating terms. 
⇒Enables the model to simulate the effects of the wave fields on 

the zonal mean circulation 

• Zonal mean and linear perturbation expressions of the primitive 
equations are used to model the atmosphere

• Circulation is driven by the geopotential height of Kelvin and 
Rossby waves (KW and RW) at the lower boundary



Zonal mean equations 
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Zonal mean equations 

The above equations are zonal mean prognostic equations: 

(1) u-momentum,
(2) v-momentum,
(3) mass continuity,
(4) geopotential, which can be used as a prognostic equation             

for temperature due to (5).

The first term on the right-hand side (RHS) of (4) is northward 
heat flux.



Boundary conditions
Circulation in the model is driven by the geopotential height of 
equatorial Kelvin and Rossby-gravity waves at the lower 
boundary represented by
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where subscript R refers to Rossby-gravity waves. 

where subscript K refers to Kelvin waves,
cK = phase speed,
kK = zonal wavenumber,
mK = vertical wavenumber,
AK = specified wave amplitude, and



Tropospheric warming

• Tropospheric temperatures can not be specified

• Increasing the amplitudes of the Kelvin and Rossby-
gravity waves is used to simulate tropospheric warming.



QBO characteristics 

• Irregular period 
v ~28 month mean
v 22–34 month range

• Easterly velocity > westerly

• Westerly regime duration > easterly
(Andrews et al. 1987)



(Holton 2004)

Time–height section of departure of monthly mean zonal winds (m s−1) for each month from the long-term average



Mechanisms

Momentum deposition associated with damped vertically 
propagating equatorial waves drives the mean flow

• Kelvin wave: westerly momentum
• Rossby-gravity wave: easterly momentum

(Holton and Lindzen 1972)



Equatorial stratospheric waves

• Vertically propagating equatorial waves share a number of 
physical properties with ordinary gravity waves 
(Holton 2004)

• Inertia-gravity waves can propagate vertically only when 
the wave frequency satisfies the inequality:

f <υ < N



Kelvin waves

• At the equator, eastward propagating waves with negligible 
meridional velocity component and Gaussian latitudinal 
structure in zonal velocity, geopotential, and temperature, 
symmetric about the equator (Baldwin 2001)

• Amplitude is significant only within 20° of the equator 
(Holton 2004)



Vertically propagating Kelvin waves

Characteristics (Holton 2004):
• Primarily of zonal wave number s =1
• Periods in the range of 12–20 days
• Temperature oscillation leads zonal wind by 1/4 cycle

• This is the phase relationship required for upward propagating 
Kelvin waves

(Holton 2004)



Rossby-gravity waves

• Existence of Rossby-gravity waves has been confirmed in 
observations (Holton 2004)

• Characteristics:
o Zonal wave number: s = 4, where 
o Vertical wavelength in the range of 6–12 km
o Period range of 4–5 days

s = kacosφ



Wave formation

Kelvin and Rossby-gravity waves are excited by 
oscillations in large scale convective heating in the 
equatorial troposphere 



Transformed Eulerian mean (TEM) equation

• The combined effect of eddy forcing on transport in the 
meridional plane takes into account the strong cancellation 
between the eddy fluxes and the meridional terms through 
the concept of the residual mean meridional circulation.

• TEM equations were originally formulated by Andrews 
and McIntyre (1976)

• Kelvin & Rossby Gravity waves affect the mean flow

• Wave forcing term: forcing from K & RG waves
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Methods

The effects of tropospheric warming on the QBO were 
simulated by varying the Kelvin and Rossby-gravity wave 
amplitudes (AK , AR).  As a first order simulation, five model 
runs were conducted in which the amplitudes of both the 
Kelvin and Rossby-gravity waves were increased successively 
by 2% from the RS values (Table 1).

Table 1. Run parameters



Figure 1. Zonal mean wind, temperature, and ozone (Runs 1–5)



Results, Figure 1
Zonal wind, temperature, and ozone QBO plots were generated to compare 
the different runs.  

Figure 1 shows overlays of the five runs for the above three quantities.  The 
zonal wind QBO indicates that the westerly regime’s maximum velocities 
increased with increasing run number, from 29.35 to 33.18 m s–1 for runs 1 
to 5 respectively while the easterly regime’s maximum velocities decreased 
in magnitude from -28.84 to -25.74 for runs 1 to 5 respectively.

The mean u-wind QBO amplitude, however, increased only slightly, from 
29.07 to 29.46 m s–1 for runs 1 to 5 respectively, reflecting the symmetric 
trend of increasing westerly and decreasing easterly magnitudes for all runs.

Period changes in the temperature and ozone QBOs were similar to those 
seen in the u-wind QBOs (Figure 1). The above changes can also be seen in 
Figure 4 and 5: time-height cross sections of zonal wind for runs 1–5 
(westerly winds are represented in red, easterly in blue).



Figure 2. Percent increase of westerly regimes’ velocity maxima



Figure 3. Percent decrease of zonal wind QBO periods



Results, Figures 2 and 3
Figure 2 shows the percent increase of the westerly regimes’ velocity 
maxima as a function of run number.  The solid line represents a linear 
increase from 0 to 10%, while the dots represent the maximum westerly 
velocity percent increase from the RS for the five QBO cycles in the 11-year 
simulation.  While run 1 displays a near linear velocity increase for the five 
cycles, with percent increases from 1.94 to 1.92,  runs 2–5 display non-
linear velocity maxima increases for each of the five QBO cycles, with the 
greatest deviation (from linear) occurring in the first QBO cycle of run 5 
(16.7 % increase).  

Figure 3 shows the percent decrease of zonal wind QBO periods as a 
function of run number, indicating a non-linear change in almost all cases. 

These non-linear changes appear to be a result of the non-linear, coupled, 
equations which govern the mean flow.  Changes in the wave amplitude via 
equations (6) and (7) affect (4) which in turn affects the zonal flow in (1) 
via v  and w.



Figure 4. Height time cross section of zonal wind (Runs 1 & 2) 



Figure 5. Height time cross section of zonal wind (Runs 3–5)



Figure 6. Fast Fourier transform power spectra of zonal wind, Latitude 0o N 



Discussion

Both observations and theoretical analysis have determined that vertically 
propagating Kelvin and Rossby-gravity waves provide a significant portion 
of the momentum required to drive the QBO with Kelvin waves transferring 
westerly momentum and Rossby-gravity waves transferring easterly 
momentum (Holton 2004).   

The consistent increase in westerly winds and decrease in easterly winds is 
an interesting result. This may be a function of  how the model is tuned, 
resulting in Kelvin waves dominating Rossby-gravity waves (Cordero and 
Nathan 2000).  

Further simulations which isolate the effects of both Kelvin and Rossby-
gravity waves are required to better understand these dynamics.
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