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Gravitywave driven descent of the stratopause 
following major stratospheric sudden warmings



  

● The Arctic stratopause is 
maintained in the winter by 
gravity wave-induced meridional 
circulations 

● This feature is highly variable and 
sensitive to the circulation in the 
stratosphere below

● The descent is highly relevant for 
chemical transport (e.g. Manney 
et al. 2008) 

Introduction: The Arctic Winter Stratopause
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Hitchman et al. JAS 1989



  

EOFs of Polar Cap (7090N) Temperature
● Index used here after, e.g., Kuroda & Kodera JAS 2004

● Structure is well-captured by the Canadian Middle 
Atmosphere Model (CMAM)

Fraction of Variance explained:

EOF 1 EOF 2
MLS:  56% 32%
MERRA (all years): 49% 35%
MERRA ('04 to '10): 58% 31% 
CMAM (7 samples): 58±5% 30±6%

Shading indicates 2σ range of EOFs from 
7 year sub-samples of a CMAM time-slice run
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EOF 2
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Phasespace Trajectories and 'Abacus' Plots

● The evolution of the vortex can be projected 
onto these two modes

● The resulting trajectories in this 2d phase space  
can then be depicted in 'Abacus' plots:

Colour = Phase
Width = Amplitude

2022

2024

Sample trajectories from the Canadian Middle Atmosphere Model



  

SeasonallyCoherent Recoveries

● Stratospheric warmings lead to simultaneous cooling of the mesosphere; these warmings 
can have time scales of 1-2 weeks after which the vortex returns to its climatology

● Other warmings disrupt the evolution of the vortex for the better part of a season: they 
are followed by a Polar-night Jet Oscillation (PJO) event (Kuroda and Kodera 2004)

70-90N MLS Temperature anomalies during the '07-'08 and '08-'09 winters

High stratopause, descent



  

Abacus Plot – MERRA

SSWs followed by PJO events SSWs not followed by PJO events

Vortex 
splits

Vortex 
displacements

Stratospheric warmings that did 
not reverse the wind at 10 hPa SSW classifications follow Charlton & Polvani 2007



  

100 year T63 CMAM Control Run

● One can see many similar episodes in a 100 year, T63, 
dynamics only time-slice run of the Canadian Middle 
Atmosphere Model

● Sudden warming statistics match observations (~0.6-0.65 
a year)



  

Lowerstratospheric control of time scales

● One can contrast events picked out based on the level of the peak 
warming

● Those that warm most in the upper stratosphere tend to have short 
timescales; for the most part they do not result in a reversal of the 
winds at 10 hPa



  

Lowerstratospheric control of time scales

● Those which warm most in the lower stratosphere have much longer 
time scales, and are characterized by the descent of temperature 
anomalies.

● Nearly all of these begin with a WMO-definition sudden warming



  

Case Study of a CMAM PJO event: Resolved Waves

● Following major warming 
caused by planetary-scale 
Rossby waves, resolved 
wave drag is strongly 
suppressed throughout 
the polar vortex

● This allows temperatures 
(and winds) to recover on 
radiative time scales (~5 
days near 1hPa, 60-100 
days near 100 hPa)

● The 'super-recovered' jet 
is therefore high and 
strong, with strong 
vertical shear

Zonal wind contours (0 m/s, 10 m/s)

70-90N 50-70N

50-70N

50-70N



  

Case Study of a CMAM PJO event: Residual velocities

● The lack of wave driving 
results in very weak 
residual velocities in the 
stratosphere

● However, we see strongly 
enhanced overturning 
high in the mesosphere 
following the warming

● This creates a high 
stratospause that 
descends over the 
following two months

Smoothed contours (20d low pass). w*: 0 mm/s and -1 mm/s, v*: 0 m/s, 0.3 m/s



  

Case Study of a CMAM PJO event: Nonorographic GWs

● The initial formation of 
the high stratopause is in 
part induced by the 
parameterized non-
orographic gravity waves

● Absorption of westward 
travelling waves in the 
stratosphere may play 
play some role in 
maintaining the 
weakened lower 
stratospheric state

1 day gaps are an artefact
 due to diagnostic code Positive U contours overlaid (10 m/s spacing)



  

Case Study of a CMAM PJO event: Orographic GWs

● Once the lower 
stratospheric winds 
recover sufficiently, 
orographic waves are 
permitted into the vortex 
where they saturate and 
break on the upper flank 
of the jet

● This results in a 
descending pattern of 
absorption as the top of 
the jet is eroded 

Positive U contours overlaid (10 m/s spacing)
1 day gaps are an artefact
 due to diagnostic code



  

Gravity Wave Drag contribution to adiabatic descent

● By the time weak westerlies have returned to the lower stratosphere, the 
upper stratospheric jet is strong

● The lower stratospheric winds now admit orographic gravity waves

● Strong shears through the upper stratosphere prevent them from 
saturating until just above the peak of the jet. 



  

Gravity Wave Drag contribution to adiabatic descent

● The drag (initially from both orographic and non-orographic gravity waves) 
erodes the jet above its maximum

● It also drives downwelling and adiabatic warming



  

Gravity Wave Drag contribution to adiabatic descent

● As the maximum of the jet descends, the region of strong orographic 
gravity wave drag (and the dynamically maintained stratopause) descends 
with it



  

Lowerstratospheric filtering of OGWD

● One final further example 
just to re-iterate the 
degree of filtering 
possible by the lower 
stratosphere

● Descent staggered due to 
a brief burst of resolved 
waves around day 15 (not 
shown) 

● NB: I haven't found a case 
like this yet in the obs; it 
would be interesting to 
see if this happens



  

Summary and Discussion

● EOFs of polar-cap averaged (70-90N) temperature are useful 
for visualizing Arctic polar vortex variability

● Seasonally-coherent 'Polar-night Jet Oscillation' events are 
common in both models and the observed record

● Lower stratospheric dynamics play a controlling role –  they 
act as a filter for both resolved and parameterized waves, and 
thus imprinting their long time scales on the vortex above

● The high stratospause observed during these events is 
generated by both orographic and non-orographic gravity 
waves, though as it descends, the former dominates (at least 
in CMAM)

● Long periods of suppressed resolved waves allows GW 
dynamics to play a leading role – good testing ground for 
parameterizations?



  

2006 SSW: MLS vs. MERRA



  



  

Zonal mean QG

After Plumb (1982) and Haynes et al. (1991); 
Evolution modeled by TEM QG on the sphere.

The resulting Poisson equation can be 
inverted to find any of the zonal mean 
quantities.

The stability is assumed to depend on time 
and height, but not on latitude.
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