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Motivation

• Effects of the horizontal (refraction) and time propagation of 
orographic and nonorographic gravity waves in the 2009 
sudden stratospheric warming event

• Ray-tracing model is developed so that the Earth’s curvature 
effects can be considered

Hamilton’s equation for
a physical system characterized
by a Hamiltonian denoted by
Omega
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Experiments
• Four-dimensional (4D) experiment

• Waves propagate in the horizontal as well as vertical directions in a 
time varying flow

• Horizontal wavenumbers (k, l) change in time
• Horizontal refraction and curvature effects are considered

• Vertical wavenumber (m) changes in time
• Ground-based frequency (omega) changes in time

• Two-dimensional (2D) experiment
• Waves propagate only in the vertical direction in a time varying flow
• Horizontal wavenumbers (k, l) remain unchanged

• Horizontal refraction and curvature effects are not considered
• Vertical wavenumber (m) changes in time
• Ground-based frequency (omega) changes in time
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Zonal 
pseudo
momentum
flux
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• Horizontal refraction, nonzero 
only in the 4D, is important in 
the magnitude of the 
pseudomomentum fluxes.



Zonal wave
number
forcing
terms
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• In the refraction, 
horizontal shear and 
curvature terms are 
most important.



Number of 
GW packets

6 • In the 4D, it is found that GW packet convergence 
along the jet axis and smooth spatial distribution 
of the pseudomomentum fluxes.



Time-
height 
cross 
sections
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• More upward 
propagation to the 
lower theremosphere
is found in the 4D 
than in the 2D.



Vorticity
and
pseudo
momen
tum
flux of 
OGWs

8 • In the 4D, the horizontal distribution of pseudomomentum fluxes 
is more correlated with the horizontal structure of stratospheric 
vorticities, and it is likely to change the large-scale structure of 
the vortices.



Summary and conclusion
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• Offline ray-tracing experiments for 4D and 2D

• Horizontal refraction, nonzero only in the 4D, is important in the 
magnitude of the pseudomomentum fluxes.

• In the refraction, horizontal shear and curvature terms are most 
important.

• In the 4D, it is found that GW packet convergence along the jet axis and 
smooth spatial distribution of the pseudomomentum fluxes.

• More upward propagation is found in the 4D than in the 2D.

• In the 4D, the horizontal distribution of pseudomomentum fluxes is more 
correlated with the horizontal structure of stratospheric vorticities, and it 
is likely to change the large-scale structure of the vortices.
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