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Take-Home Messages

ÅIsolating the role of stratospheric processes in predictive skill of 
tropospheric circulation and teleconnections is a challenge because 
tropospheric and stratospheric circulation are closely coupled both 
upward and downward. 

ÅThe stratosphere provides an important pathway by which 
tropospheric circulation anomalies and teleconnections can be 
modified.

ÅA lack of proper representation of stratospheric processes degrades 
the  potential predictive skill on subseasonalto interannualtime scale 
in the troposphere. 



Comparison of Features of Stratospheric and 
Tropospheric Circulation



Tropospheric Control of Stratospheric 
ExtratropicalWinter Climate  

ÅPlanetary scale waves are generated in the 
troposphere and may propagate upward into 
the stratosphere during winter when the zonal 
ςmean flow is westerly.

ÅWaves dissipate in the stratosphere through 
wave-mean flow interaction processes

ÅWaves force a polewardmeridionalmass 
circulation and decelerate the zonal wind away 
from the radiative equilibrium state of a cold 
and strong stratospheric polar vortex 

Newman et al. 2001



Seasonal Cycle of 
50hPa Polar Cap 
Temperatures 
and 10hPa Zonal 
Mean  Zonal 
Wind



Leading Modes of Variability of  
Monthly (D,J,F) 50 and 500hPa Geopotential Heights

50hPa 

500hPa

1. EOF 50% 2nd EOF 14% 3rd EOF 10%

1st EOF 16% 2nd EOF 11% 3rd EOF 10%

Perlwitzand Graf, 2000



Spatial Degrees of Freedom of 
Northern Hemisphere Circulation

Perlwitzand Graf, 2000

Time scale of 
Leading Mode of Variability

Baldwin et al. 2003



Some milestones in our understanding of stratospheric role 
in tropospheric climate variability and change



A Possible Mechanism for the Production of Sun-
Weather Correlations (Hines et al. 1974, JAS)

The essential point to be made is that the 
meteorological systems in question can be 
analyzed as planetary waves, that these waves 
propagate their energy upward, that they can 
then return their energy to lower levels and there 
interfere constructively or destructively with the 
initial systems that gave them their being. 



Impact of Stratospheric Basic State on 
Tropospheric Waves 
ÅStratospheric winds play a dominant 

role in determining the transmission-
refraction properties (refractive index) 
of planetary-scale waves that 
propagate vertically into the 
stratosphere (Charneyand Drazin, 
1961; Matsuno, 1970).

ÅImpact of strength of stratospheric 
polar vortex on planetary wave 
structure illustrated based on linear 
wave propagation models (Bates, 
1977, Geller and Alpert, 1980, Schmitz 
and Grieger, 1980)



Impact of 
Stratospheric 
Basic State on 
Tropospheric 
Wave Structure

Boville, 1984

Z500 Z500 
Wave 1



Leading Coupled Mode 
of Variability  of 
Tropospheric and   
Stratospheric Circulation

Baldwin et al. 1994, Perlwitzand Graf, 1995; 
Thompson and Wallace 1998, 2000

Z500

Z1000 T850

Perlwitzand Graf, 1995



Observational Evidence for Downward progression of 
Northern Hemisphere Annular Mode (NAM)
(Baldwin and Dunkerton, 2001)

ω Extreme events in the stratosphere are followed by anomalous 
pattern at the surface that resemble the NAM

ω Extreme stratospheric events may provide  forecast potential  for up 
to two months



Observational Evidence 
for Downward Reflection 
of Planetary Wave 1 
(Perlwitzand Harnik, 
2003;2004)

Reflective 
Basic State

Upward 
propagation

Downward 
propagation

Non-reflective 
Basic state

10 and 500hPa 
Wave 1  correlations

ÅProcess most important on weather time 
scale
ÅLeads to poleward shift of tropospheric jet  

over the North Atlantic for up to 4 weeks 
(Shaw and Perlwitz,  2015)



See also Greatbatch et al. (2012), Scaife et al (2005)

Douville (2009)

Evolution of NAO Closer to Observations 
when Stratosphere is Nudged to Reanalysis



Impact of  Antarctic Ozone Loss  on Tropospheric 
Circulation During Austral Summer

Thompson and Solomon, 2002



Comparison of High and Low Top Models-
A Tool to Improve our Understanding of Role of 
Stratospheric Processes on Tropospheric Climate

ÅUpper boundary effects in a general 
circulation model (Bovilleand Cheng 1988)

ÅClimate change impact (Shindellet al. 1999; 
Sigmondet al.  2008)

ÅMulti-model comparisons
ÅCMIP5 models (Charlton-Perez et al. 2013, 

Manziniet al. 2014)

ÅSeasonal forecast models (e.g. Butler et al. 
2016)



ÅNon-local balanced response to a givenstratospheric torque 

ÅDownward control (Haynes et al. 1991) 

ÅPV inversion (Hartley et al. 1998, Black 2002, Ambaum& Hoskins 
2002)

ÅWave behavior determined by given zonal-mean flow via index of 
refraction (e.g. Charney& Drazin1961, Matsuno1970)

ÅDissipation at critical layer (e.g. McIntyre & Palmer 1983)

ÅReflection (e.g. Perlwitz & Harnik2003, 2004, Shaw et al. 2010)

ÅResonance (e.g. Tung & Lindzen1979, Plumb 1981, Esler& Scott 
2005)

Å Importance of synoptic scale wave feedbacks (Lorenz and Hartmann 
2001, 2003: Wittman et al. 2007, Simpson et al. 2009, Thompson & 
Birner2012, Chen & Held 2007)

Mechanisms of Troposphere-Stratosphere 
Coupling



Reichler et al. (2005)

Extreme events 

dominate dynamics 

and exhibit coupling 

to troposphere

Importance of Transiently Evolving 

Extreme Stratospheric Vortex  Events

Polvaniand Waugh (2004)



Stratospheric Processes and Tropospheric Climate 

Predictability on Subseasonalto Seasonal Time Scale

ÅIntraseasonalto interannual(extreme 
stratospheric vortex events) 
ÅSeasonal to interannual(stratospheric ENSO 

pathway, QBO)
ÅOzone chemistry-climate interactions



Major Stratospheric Sudden Warmings

Vortex Displacements

Vortex Splits

SLP 
Days 1-60 after Event onset

Charlton et al. 2007

Stratospheric Evolution (10hPa)



Representation of SSWs and Their Downward 
Progression in Low and High Top Models 

Å Occurrence of SSWs is 
considerably  better 
represented in high- than 
in low top climate models

(Charlton-Perez et al. 2013)



Impact of SSW on
the Troposphere in 
Seasonal Forecast 
Models

NAO conditioned by  
SSWs

Sigmondet al. 2013 
Scaifeet al. 2016

Observations and Forecast 
after initialized SSWs



Sensitivity of Conditioned Stratosphere for 
SSWs and Strong Vortex Events 
ÅShows improved 

forecast skill of 
tropospheric large-
scale circulation on 
subseasonalto 
seasonal time scale

ÅSkill is less clear for 
climate effects 
(temperature, 
precipitation)

Tripathiet al. 2015
Scaifeet al. 2016



Forecast Skill of Extreme
Stratospheric Vortex 
Events

Forecast skill is beyond 5 days and 
Within the subseasonalrange  up 
to 30 days (Tripathiet al. 2014)

Tripathiet al. 2016

Predictability of January 2013 



What limits forecast skill
of stratospheric extreme 
events?

Å Stratospheric model biases
Å Tropospheric planetary waves 

Tripathiet al. 2016

Stratospheric Vortex Structure



What limits forecast skill
of stratospheric extreme 
events?

Å Stratospheric model biases
Å Tropospheric planetary waves, and 

their predictability

Scaifeet al. 2016

Z500



ENSO-NAO Connection
and the Stratospheric 

Pathway

Inesonand Scaife, 2009; Butler et al. 2014  

50-80N Zonal wind
El Nino-La Nina

All With Strat. 
Pathway

Without Strat.
Pathway



Quasi-biennial Oscillation

ÅDiscovered in late 1950s 
(Graystone, 1959) 

Åalternating westerly and easterly 
zonal wind regimes that descend 
from the tropical upper 
stratosphere to the tropical 
tropopause at a rate of ~ 1km per 
month

ÅMean period of 26 to 29 months
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Quasi-biennial Oscillation

ÅMainly driven by 
upward propagating 
tropospheric waves in 
the tropics and their 
interaction with the 
mean flow

ÅModulates the position 
of subtropical zero-wind 
line



W-E QBO composite (UE50hPa)

Anstey and Shepherd 2014

January (Zonal Wind)
January (Z1000)

QBO-Stratospheric Polar Vortex Connection and Link to the Troposphere

ÅCausal effect of the 
QBO on the 
extratropicalwinter 
stratosphere
ÅCoupling interacts 

with other sources of 
interannualvariability



QBO-Stratospheric 
Polar Vortex 
Connection
in Seasonal Prediction 
Models

Butler et al. 2016

ERA-ILow TopHigh Top



tǊŜŘƛŎǘŀōƛƭƛǘȅ ƻŦ ǘƘŜ ǉǳŀǎƛπōƛŜƴƴƛŀƭ ƻǎŎƛƭƭŀǘƛƻƴ ŀƴŘ ƛǘǎ ƴƻǊǘƘŜǊƴ 
winter teleconnection on seasonal to decadal timescales

Scaifeet al. 2014



Unprecedented QBO evolution in 
2015-2016 (Newman et al. 2016)

ÅThe anomalous 2015-16 QBO 
evolution may prove to be a 
challenge to future QBO 
predictability studies. 
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Figure 2. Dail y zonal winds (Jan. 2014 through July 2016) for (a) altitude-time plot of 

Singapore radiosondes, and (b) latitude-time plot of MERRA-2 zonal-mean zonal winds at 40 

hPa. Easterlies are shown in cyan-blue, while westerlies are in green-brown. 

  



Chemistry 
Climate Interactions



Arctic winter/spring 2011

ü Arctic ozonein 2011waswell below
typical Arctic values and almost
reachedthe AntarcticvaluesAntarctic

Arctic
Arctic 2010-2011

ü Polar vortex was very strong from January to 
early April (see e.g. Manneyet al. 2011, 
Hurwitz et al. 2011, Strahan et al. 2013)

ü Troposphericcirculation was characterized 
by positive NAO/NAM anomalies

ü April NAO/NAM was record breaking in 
NOAA/CPC records since 1950 (2.48/2.27 
std)

(from Manneyet al. 2011)

(from Hu and Xia 2013)

NAM index

Ozone



Was the Arctic ozone hole the primary driver of the 
record tropospheric circulation event? 

Dec 2010-March 2011 SST



Polar Cap-Temperature Year 2010/11 (K)

Merra

T2004(ODS1960) CCM (2011)

GEOS5  Chemistry Climate Model 
Study



Polar Cap-Temperature Year 2010/11 (K)

Merra

T2004(ODS1960) CCM (2011)CCM(2011) ODS 1960 ODS Impact

GEOS5 Study



Total Ozone March 2011
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Total Ozone March 2011

OBS

CCM (2011) CCM(2011) ODS 1960

GEOS5 CCM Study



U (50-70N) Year 2010/11 (m/s)

Merra

T2004(ODS1960) T2004          T2004(ODS1960) CCM (2011)CCM(2011) ODS 1960 ODS Impact

GEOS5 CCM Study


