
A major sudden stratospheric warming (SSW) is a dramatic event that causes strong anomalies in the stratospheric winter circulation. This phenomenon is due to upward propagating planetary waves 
originating in the troposphere, which break in the stratosphere and interact with the mean flow, leading to the break-down of the polar vortex during midwinter. Planetary waves of different amplitude and 
zonal wave numbers (1-3) can propagate upward into the stratosphere causing this wave-mean flow interaction. Therefore major SSWs do not always develop in the same way. Although most of the major 
SSWs follow increased planetary wave activity of the zonal wavenumber-1, a quarter of these events are caused by an amplified zonal wavenumber-2 (Bancalà et al., 2012 JGR). Thus, we distinguish major 
SSWs between wavenumber-1 (W1) and wavenumber-2 (W2) events based on the planetary wave activity preceding the warming phase of the polar vortex. This major SSW classification differs from that 
adopted by Charlton and Polvani (2007) that distinguish the SSWs according to the post-warming behaviour of the vortex. Results based on observations have clearly revealed a difference between the W2 / 
W1 ratio in the prewarming phase and the splitting / displacement ratio of the post-warming phase, which means that not all wavenumber-1 events lead to a vortex displacement. In this study, the pre-
warming classification will be used to describe the stratospheric winter variability simulated by the new generation of high-top climate models. In particular, by investigating present climate simulations, we 
will address the ability of CMIP5 and CCMVal2 models to simulate the pre-warming phase of major SSWs and also determine whether the observed W2 / W1 relationship is reproduced. The occurrence of 
major SSW is also linked with tropospheric blockings and El Nino Southern Oscillation (ENSO) frequency. Finally, we will investigate the effect of future climate changes on the occurrence and seasonality of 
major and final SSWs as well as for tropospheric blockings. 
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W1 mSSW of 22 February 2008                                           W2 mSSW of 25 January 2009 

10 hPa GPH field one week prior to the February 2008 W1 mSSW 
(left) and the January 2009 W2 mSSW (right) 

ERA-40/-Interim reanalysis: 54 winters are analyzed between 1957-2011, 
        - horizontal resolution T159 (used on a 2.5°x2.5° grid) / T255 (1.5°x1.5°), vertical resolution L60, model top at 0.1 hPa. 
CMIP5 models: historical and rcp85 runs are analyzed for the 1950-2005* and 2045-2100 periods respectively. 
  HadGEM2-CC: - horizontal resolution 1.875°x1.25°, vertical resolution L60, model top at 84 km, *only 1960-2005 available.   
  IPSL-CM5A-MR: - horizontal resolution 1.25°x2.5°, vertical resolution L39, model top at 65 km. 
  MPI-ESM-LR: - horizontal resolution T63 (1.875°x1.875°), vertical resolution L47, model top at 80 km. 

CCMVal models: REF2 and REF-B2 simulations are analyzed for the 1960-2015 and 2045-2100 periods. 
CMAM (CCMVal-1): - horizontal resolution 5.6°x5.6°, vertical resolution L71, model top at ~100 km. 
MRI (CCMVal-2): - horizontal resolution 2.8°x2.8°, vertical resolution L68, model top at 80 km. 

Fig. 1 Time series of the zonal mean zonal wind ū (m/s), the amplitude (m) and the heat flux (K m/s) of Z1,2 at 60°N for the indicated pressure levels. 
The vertical black line indicates the central date of the warming while the green lines delimit the 10-day window period around the day D (*). 

mSSW Criteria 
• Major warmings are identified during the NH stratospheric winter circulation season (ONDJFMAM) by the reversal of the zonal mean 
zonal wind (ū) at 10 hPa and 60°N, with the first day of easterlies defined as the central date of the warming. 
• To distinguish different mSSW events within one winter at least 20 days of westerlies are needed. 
• The mSSWs are characterized depending on which zonal wavenumber is responsible for the poleward eddy heat transport (v'T'). 
Following conditions are verified in a 10 day window period around the day with maximum wind deceleration (D): 
1) W1 major SSW: 
- Z1 > Z2 (at 10 hPa, 60°N) (Zn : amplitude of GPH wave of zonal wavenumber n) 
2) W2 major SSW: 
- ΔZ = Z2 – Z1 > 100m (at 50hPa, 60°N): 
- Δv'T' = v'T'2 – v'T'1 > 15 K m/s (at 100 hPa, 60°N) 
If only condition 1) is met, the mSSW is classified as a W1 event. If instead condition 2) is satisfied at least for one day, the warming is 
classified as a W2 event. 
 

Blocking Index 
To detect Instantaneous Blocking (IB) the two-dimensional version of the Tibaldi and Molteni index introduced by Scherrer et al. (2006) as 
modified by Davini et al. (2012) is adopted. The Blocking Intensity (BI) is obtained following Davini et al. (2012) and Wiedenmann et al. 
(2002). 

 Fig. 2. Seasonal distribution of mSSWs and final warmings for the different 
ensembles of CMIP5 and CCMVal models. Historical (past) and rcp85 (future) runs are 
analyzed for CMIP5 models while REF2 and REF-B2 simulations of CCMVal 
models are analyzed over the 1950-2005 (past) and 2045-2100 (future) periods. 
HadGEM2-CC analysis for historical ensembles extends from 1960 to 2005 due to 
shorter available datasets. ERA-40/-Interim data are used for comparison (gray 
shadings). 

Fig. 4. (top) Mean frequency of major SSWs per year and (bottom) W2/W1 ratio for 
observations and ensemble mean of CMIP5 and CCMVal models for past and future 
analysis. Red bars show the spread of the ensemble range while dashed black line 
shows the mean frequency and the W2/W1 ratio for ERA-40/-Interim data. *only 
ensemble r1 available. 

-W1 / W2 ERA -40/Interim 
-W1 / W2 HadGem2-CC 
-W1 / W2 IPSL-CM5A-MR 
-W1 / W2 MPI-ESM-LR 

 Fig. 3. Mean frequency of major SSWs per year of ENSO 3.4 
warm/neutral/cold conditions (anomalies larger than 1 standard 
deviation of preceding 30 years are chosen as threshold) of 
CMIP5 models. Historical (past) and RCP8.5 (future) are 
analyzed over the 1950-2005 and 2045-2100 (de-trended) 
periods respectively. HadGEM2-CC analysis for historical 
ensembles extends from 1960 to 2005 due to shorter available 
datasets. ERA-40/-Interim (1957-2011) data are used for 
comparison (gray shadings). 

Fig. 5. Instantaneous blocking 
frequency and blocking intensity for 
DJF in ERA-40 reanalysis and ensemble 
r1 of CMIP5 historical (past) and rcp85 
(future) simulations. HadGEM2-CC 
analysis for historical ensemble extends 
from 1960 to 2005 due to the shorter 
available dataset. Colors are 
representative of percentage of 
blocked days with respect to total days. 
Contours indicate the average intensity 
of the blocking. 

Past simulations:  
 

- The mean frequency of mSSWs per year for the ensemble mean of the various models is close to that of the observations. 
- MPI-ESM-LR and HadGEM2-CC have a bias towards early and late mSSWs respectively. 
- The W2/W1 ratio differs considerably from model to model, with HadGEM2-CC having a ratio close to the observed one. 
- Unlike reanalysis, models do show W2 mSSW during El Niño winters. 
- Although all CMIP5 models reproduced the blocking intensity well, they simulate a weaker blocking activity in the Euro- 
  Atlantic sector. 
 

Future simulations: 
 

- All models, with the exception of MRI, project an increase in the mean frequency of mSSWs per year, with MPI-ESM-LR  
  future simulations producing an average of almost one event per year. 
- MPI-ESM-LR and HadGEM2-CC project an increase of early and late mSSWs. 
- The W2/W1 ratio decreases both in HadGEM2-CC and in IPSL-CM5A-MR but increases in CMAM. 
- The increase in mSSW frequency in future model simulations is mainly due to W1 mSSW in El Niño or ENSO neutral years. 
- All CMIP5 models project a global reduction of blocking activity. Striking is the decrease of blocking activity in the Pacific  
  sector in IPSL-CM5A-MR, which may be an explanation for the considerable reduction of the W2 mSSWs in this model. 
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