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Motivation

e 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

(di‘/dfs dk/dt) — (V/{Qs _V!"Q) 3 Omega
and

dw/dt = (0Q/IN,) I, /0t w=Q(k,A1,...,AN),



Experiments

* Four-dimensional (4D) experiment

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

« Horizontal wavenumbers (k, I) 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, I) remain unchanged
« Horizontal refraction and curvature effects are not considered

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



. Zonal

Zonal mean zonal F, at D0:00 UTC on 20 |anuary 2009
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Figure 4. Latitude—height cross sections of (a) zonal mean zonal wind (ZU) and (b-i) zonal mean zonal psendomomentum fiuxes ( Fp) for
OGW and three NOGW schemes in the {iop row )} 40 and {bottom row) 2D expeniments at 00000 UTC on 20 January 2009, OGW Fp is
multiplied by the efficiency factor (0L 125). Contour inkerval of zonal mean zonal wind is 10ms—!, and negative values ae plotted in broken
lines. Hatched areas on the pseedomomentum fluxes indicate regions when: the paired and two-taibed ¢ test for 20 ensemble members of the
4 and 20 experiments give p values larger than 0,05 {ie., no statistical significance at the kevel of (L05). Here, the p value means ther is
4 probability that mean values in the 4D and 21D experiments would be similar to each other. The hatched areas are identical in the pair of
40 and 21 experiments for a particular GW scheme. A non-parameteric test, such as Wilcoxon's signed rank test, whene no probabilistic
distribution is assumed, also gives almiost similar results to the ¢ st For these statistical ests, algorithms presented in Boslaugh (20013} are

employed.



. Zonal wave
number
forcing
terms

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

Zonally averaged forcing terms of k for OGW and NOGW.yy; at 00:00 UTC on 20 January 2008
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Figure 6. Latitude—height cross sections of total and three major forcing terms — the zonal shear termis of the large-scalezonal and meridional
winds (L7 and ¥} and the curvature ferm — of the zonal wave number for {iop row ) OGW and (bottom row) NOGW 5 41 in the 40 ex periment
at Mx00UTC on 20 January 2009, The zonal shear erms of U7 and W oare —Kf{acos@)dlf fak and —I f{acosg)d V' /di, respectively. The
curvature kerm is given by Iy tang fa. Hatched areas indicate regions whemn the paired and two-tailed ¢ test for the 400 and 21 ex periments
gives pvaloes larger than 0,05 {ie., no statistical significance at the level of L05).



. Nu mber Of * In the 4D, it is found that GW packet convergence

along the jet axis and smooth spatial distribution

GW paCketS of the pseudomomentum fluxes.

Zonally averaged numbaer of GW packets
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Figure 8. Same as Fig. 7 except for the zonally averaged number of GW packets.



Time-
height
Cross
sections

« More upward
propagation to the
lower theremosphere
Is found in the 4D
than in the 2D.
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Figure 11. Time-height cross sections of (a) zonal wind (L'}, and {(b—e) ensemble means of zonal pseudomomentum fluxes { Fp) averaged

over 30-90° N for OGW and NOGW g1 in the (top row) 40 and (bottom row) 2D experiments. OGW Fp is multiplied by the efficiency
factor (0.125). Contour interval for zonal winds is 10m 5!, and negative values are plotied in broken lines. Hatched amras over the zonal
Fp indicates regions wheme the paired and two-tailed § iest for the 41 and 2D experiments give p valucs larger than (005 (ie., no statistical
significance at the level of 0U05S).



« In the 4D, the horizontal distribution of pseudomomentum fluxes

VO rtICIty is more correlated with the horizontal structure of stratospheric
vorticities, and it is likely to change the large-scale structure of

a n d the vortices.
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Figure 13. Relative vorticity at 5hPa and zonal psendomomentum fluxes ( Fp) for OGW at 7 = 38 km at 000 UTC on (a,e) 11 (b, ), 15 (e,
g} 17, and (d, h) 19 January in 200 for the (op row) 41 and (bottom row ) 20 experiments. OGW Fp is multiplied by the efficiency factor
{0 125). Contour inkerval for relative vorticity is 5 = 1055~ and negative values are plotied in broken lines. Haiched areas over the zonal
Fp indicate regions where the paired and two-tailed £ test for the 40 and 2D experiments give p values larger than 0.05 (ie., no statistical
significance at the level of 0.05). Latitudinal grids are plotted for every 10 from 20% N,



Summary and conclusion

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.



	Propagation of gravity waves and�its effects on pseudomomentum flux in a sudden stratospheric warming event
	Motivation
	Experiments
	Zonal �pseudo�momentum�flux
	Zonal wave�number�forcing�terms
	Number of GW packets
	Time-�height �cross �sections
	Vorticity�and�pseudo�momen�tum�flux of OGWs
	Summary and conclusion

