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Motivations
Significant gravity wave variations have been observed (both 
reductions and enhancements). 
These enhancements are likely related to the positions of the polar 
vortex. 
However, the complete picture of gravity wave variations and 
physical mechanisms of these variations are not clear.

Goals of this study are to 
1) obtain the spatial, temporal, and spectral dependence of 

gravity wave variations 
2) investigate the physical mechanisms of these variations 

using a high-resolution models (ECMWF-T799).
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ECMWF‐T799
The European Centre for Medium-Range Weather Forecasts (ECMWF)

The global 4D data assimilation
Horizontal resolution 0.25°×0.25° (lat × lon)  [25 km]
91 vertical levels from surface to 0.01 hPa (~80 km)
The 6-hourly data (0:00, 6:00, 12:00, and 18:00 UT)
Waves are extracted by wavelet analysis. Wavelength less that 2400 
km are considered as gravity waves.
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Validations of Gravity Waves (Analysis Version)

Climatology of gravity waves are comparable between analysis and 
forecast version, indicating assimilation influences on resolved gravity 
waves are weak. 5

Analysis vs. Forecast

Gravity wave variations at Rothera (67°S, 68°W)



Validations of Gravity Waves (Climatology)

Climatology at both Rothera and the South Pole are comparable 
between ECMWF and lidar observations. 6

Gravity wave variations at Rothera (67°S, 68°W) and the South Pole (90°S)



Validations of Gravity Waves (Daily Variations)

Short-term (daily) variations of gravity waves in ECMWF-T799 are 
well compared with COSMIC/GPS observations
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Gravity Wave Potential Energy Density



The 2009 Stratospheric Sudden Warming
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Gravity Wave Variations
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Gravity Wave Potential Energy Density (GW‐Ep) 

10

Two peaks of GW-Ep on ~January 5 and 16 prior to the wind reversal
Suppressions of GW-Ep after the wind reversal
Peak on Jan 5 / Jan 16 correspond with PW1 / PW2 growth, respectively
Downward progressions of the maximum PW and GW-Ep height



Spectral Dependence

The dominant horizontal 
wavelength is ~400-800 km

January 5: 
Smaller scale gravity waves

January 16: 
Larger scale gravity waves
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Summary of Gravity Wave Variations

1) Propagations
2) Convective Influences
3) In-situ wave generations
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What are the physical mechanisms?

Two enhancements before the 2009 peak SSW 
associated with planetary wave 1 and wave 2 growth
Reductions of gravity waves after the wind reversal



Propagations

Non-Orographic Gravity Waves
λh = 400km 
ch = 15 m/s and 30 m/s 

= 0-360E with 60° interval
Launch = at 12 km from 0-80N
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The Gravity wave Regional Or Global Ray Tracer (GROGRAT) model  is used to 
study gravity wave propagations [Marks and Eckermann, 1995]

Orographic Gravity Waves
λh = 400km 
ch = 0 m/s

= against background wind
Launch = at 6 km from 0-80N



Convective Source
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Propagation from the tropics to the polar region at ~40 km 
during the SSW is less likely. 

Average over the tropics (< 15°)
Normalized Convective Precipitation Meridional Momentum Flux



In‐situ Wave Source 
Total Perturbation Energy Flux (FE) is conserved without wave breaking
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'''''' wvVwuUwpFE ρρ ++= [Hines and Reddy, 1967; Lidzen, 1990]

Jan 5: GW enhancement

Jan 16: GW enhancement

Jan 1: Typical Winter Condition

Jan 28: GW reduction

Jan 1: Typical Winter Condition



Vertical gradient of FE

Vertical gradient between 
20-45 km

The positive/negative 
vertical gradient of FE 
shows the source/sink of 
wave energy.

Significant energy 
increase exist on January 
5 and January 16 as 
shown in previous slide
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Time‐series of vertical gradient of FE

Vertical gradient of FE show two peaks on January 5 and January 16.
Vertical gradient of FE correlates well with GW-Ep variations

In-situ energy source is the key to the two peaks 
at January 5 and January 16
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Energy increase 
corresponds to locations 
of strong gravity waves

Gravity waves occur at 
(1) strong background 
wind and (2) strong 
vortex distortions
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Indicator for Wave Source: Forcing Terms
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Time‐series of Forcing Terms

Two peaks of gravity wave forcing term correspond well with 
GW-Ep variations
Balance adjustment wave source is likely the causes of wave 
enhancement prior to the SSW
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Conclusions
Gravity waves resolved in ECMWF-T799 are validated with Lidar
(climatology) and COSMIC/GPS (short-term variation)

Gravity wave peaks before the 2009 SSW associated with planetary wave 
1 and wave 2 growth and decay after SSW. 

Downward Progressions of gravity wave enhancements corresponding to 
downward progressions of planetary wave growth

Physical mechanisms of gravity wave variations are likely the following:

- Before SSW = Enhancement of in-situ balance adjustment source

- After SSW = Reduction of wave propagations

During the SSW, atmospheric disturbances are large and may need to 
consider the in-situ wave generation in GCMs for SSW simulations. 
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