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Motivation 

3 

•  Small-scale GW are not simulated explicitly in climate models, 
especially climate-chemistry models, which for practical reasons 
are run at moderate horizontal resolution (~1-2°) 

•  GW parameterizations are a crucial component of the momentum 
budget of the middle atmosphere (especially in the MLT, but also in 
the stratosphere) 

•  Much effort has been spent in the past decade to improve GW 
parameterizations—how has this affected the performance of 
climate models? 

•  Examine some examples from the Whole Atmosphere Community 
Climate Model: (1) SSW; (2) QBO; (3) response to the Ozone hole  
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Model 
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•  WACCM is a fully-coupled chemistry-climate model; normal horizontal resolution is ~2°   

•  Current operational version (WACCM4) is part of NCAR’s Community Earth System 
Model; can be run coupled to a full ocean model 

•  The GW parameterization was recently upgraded (Richter et al., JAS, 67, 136, 2010) 

•  Parameterization is based on Lindzen’s (JGR, 1981) saturation theory 

•  The parameterization assumes mesoscale waves, λX = 100 km , and  includes: 

1.  Orographic component (McFarlane, JAS, 1987), triggered by low-level flow and 
sub-grid scale orography database 

2.  Spectral component (Garcia et al., JGR, 2007; Richter et al., JAS, 2010), using a 
spectrum of phase velocities (–80 to 80 ms-1), and triggered by deep convection 
and occurrence of fronts (frontogenesis function) 

  Recently, a spectrum of “inertia-gravity waves” (λX = 1000 km) has been added in 
the Tropics in order to simulate the tropical quasi-biennial oscillation (QBO) 
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Examples 
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1. Stratospheric Sudden Warmings (SSW) 
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•  WACCM4 includes an updated GW 
parameterization, and effects of 
unresolved orography  represented 
as turbulent mountain stress (Richter 
et al., JAS, 2010) 

•  These changes lead to significant 
improvements in the simulation of 
SSW frequency 

MONTHLY FREQUENCY 

Mean annual frequency ( 4 simulations): 0.57 
Mean annual frequency (NCEP):              0.60 

(Reanalysis data from Charlton and Polvani, J. Climate, 20, 449, 2007) 
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SSW and elevated stratopause events 
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•  Realistic SSW frequency => model captures numerous instances of “elevated stratopause” events 

•  Formation and evolution of the elevated stratopause is clearly related to GW driving 

•  More on this topic in the talks by Amal Chandran (and others) 

Resolved EP flux 

Polar cap T 

U 

GW drag V* 

Polar cap W* 

Example of a major SSW leading 
to formation of an elevated 
stratopause  
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SSW and the troposphere 
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•  Improvements in the SSW simulation in 
WACCM have degraded the climatology of 
surface pressure 

•  It is unclear whether this problem arises 
solely from the introduction of turbulent  
mountain stress, or from the interaction 
between the latter and the revised GW 
parameterization 

•  In any case, the degradation of the surface 
pressure field is not insignificant, and has 
important climate consequences (build-up 
of ice in the Arctic ocean) 

PSL NH Winter 

PSL WACCM - NCEP 

  improvements in one area of the model 
can degrade the simulation elsewhere 
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2. Generating a QBO in WACCM 
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•  horizontal wavelength:   1000 km 

•  spectrum:  specified uniform amplitude, 
centered on c = –5 ms-1 

•  phase speed range:  –25 ms-1 to 15 ms-1 
spaced at 1 ms-1 (biased westward) 

•  launch flux amplitude:   10-3 Pa 

•  launch level:   200 hPa 

•  efficiency factor:   0.2 

Xue et al., JGR, 2011 (submitted) 
A QBO is obtained in WACCM by 
introducing a spectrum of “Inertia 
gravity waves” (IGW) in the Tropics 
(–30°, +30°) 

Specification of IGW spectrum 

The calculated equatorial wind agrees quite 
well with observations, e.g., ERA-40 

courtesy X. Xue 
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QBO winds and period 
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•  Equatorial zonal wind has the correct  
max/min range (including asymmetry 
about U=0, which results from the 
westward bias of the spectrum) 

•  Spectral QBO signal peaks around 
22-24 months, somewhat shorter than 
observed (26-28 months) 

Equatorial U (30 hPa) and Spectrum 

courtesy X. Xue 
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QBO forcing in WACCM 

11 

•  Most of the forcing of 
the QBO is provided by 
the parameterized IGW 
(blue-dashed) 

•  Resolved waves 
contribute a minor 
amount of eastward 
forcing only (red) 

•  The forcing due to 
resolved waves is not 
generally in phase with 
the wind QBO 

•  The last two features are 
inconsistent with high 
resolution (T213 L256) 
simulations by Kawatani 
et al. (JAS, 2010) 

courtesy X. Xue 
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Implications of the QBO simulation 
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•  A realistic QBO can be simulated by introducing a narrow spectrum of IGW, 
characterized by λX = 1000 km 

•  These waves have relatively slow group velocity and interact with the winds in the 
tropical stratosphere 

•  Some aspects of the simulation are unrealistic, in particular the role of resolved 
equatorial waves 

•  Suggests need for work in several areas: 

1.  Excitation of equatorial waves (convective parameterization?) 

2.  Make the launch of IGW contingent on the occurrence of deep convection 

3.  Extend the application of the IGW spectrum to extra-tropical latitudes, 
including triggering by frontogenesis 

   A major improvement in model dynamics raises a suite of new questions (if one 
wants to avoid ad hoc specification of IGW in the parameterization) 
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3. Response to the Antarctic O3 hole 
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•  21st century trends in the strength 
and position of the SH 
tropospheric jet predicted by 
conventional climate models vs. 
chemistry climate models are very 
different 

•  Song et al (Science, 2008) showed 
that the difference could be 
traced to the simulation (or not) of 
Antarctic Ozone recovery 

•  How well do chemistry-climate 
models simulate the response of 
the Antarctic atmosphere to the 
formation of the Ozone hole? 
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Formation of the Ozone hole 
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•  WACCM simulation 
of Antarctic ozone 
loss agrees well with 
observations 

•  Are other aspects of 
the simulation also in 
agreement with 
observations? 

Figure 6.36 from SPARC report on the Evaluation of 
Chemistry-Climate Models (CCMVal-2), 2010 
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Response to the Ozone hole: 1969-1998 
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(from Thompson and Solomon, Science, 2002) 

–6.5 

–340 

Observed polar cap temperature and 
geopotential trend/30 yr: 1969-1998 

–15 
–700 

WACCM polar cap temperature  and 
geopotential trend (4 realizations) 

•  in WACCM simulations, trends in T 
and Φ are too strong by a factor of 
>2 compared with observations! 

•  T and Φ anomalies last too long 
(about one month longer than 
observed) 

•  Why? 
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Short-wave heating Long-wave heating 

Adiabatic heating 

Trends 1969-1998 (K s-1 x 106 per 30 years)  

WACCM Heating Trends 1969-1998 
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•  In the lower stratosphere 
(below ~30 hPa) changes in 
short-wave heating are 
balanced almost 
exclusively by changes in 
long-wave heating through 
November 

•  This suggests that the mean 
meridional circulation 
(adiabatic heating)  is too 
weak in WACCM, such that 
the reduction in short wave 
heating is balanced mainly 
by a drop in temperature 

•  Do GW play a role? 
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courtesy N. Calvo 
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Antartic O3 and GW 
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•  Alexander et al. (QJRMS, 
2010) have shown that the 
evolution of SH polar O3 and T 
respond sensitively to 
changes in the “source stress” 
using for parameterized GW 

•  So, why not “tune” the source 
stress to produce a stronger 
circulation over the Southern 
pole? 
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Solstice temperatures: WACCM, SABER 
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July January 
•  WACCM GW source 

stress is already tuned 
to produce a realistic 
summer mesopause 
(green boxes); this is 
necessary to simulate 
PMC formation 

•  This tuning also yields 
realistic stratospheric 
temperatures in NH 
winter 

•  If one attempts to “fix” 
the SH cold pole 
problem (red boxes), 
the simulation  is 
degraded in the 
summer mesopause 
and the NH winter 
stratosphere 
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GW tuning is not easy! 
(and often produces unwanted results) 
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WACCM is a high-top, 
highly-coupled model, 
where a change made to 
improve one aspect of the 
simulation can make 
something else worse 

 Attempting to tune the GW 
source stress to improve the 
simulation of the SH winter 
stratosphere degrades the 
simulation of the summer 
mesosphere (and PMC) in 
both hemispheres 

(courtesy D. Marsh) 

(the WACCMole Principle) 
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Conclusions 
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•  GW parameterizations are essential for realistic simulation of 
the dynamics of the middle atmosphere in chemistry-climate 
models 

•  Nonetheless, the parameterizations introduce a number of 
problems that are difficult to attack—improvements in one 
area often degrade the simulation elsewhere 

•  Three typical examples (SSW, QBO, response to the Ozone 
hole) were illustrated in the context of WACCM 

•  All examples illustrate the profound influence that GW an exert 
on simulated climate 

•  Some of the examples suggest that waves of λX ~ 1000 km 
(which are still unresolved by current climate-chemistry models) 
may need to be considered in GW parameterizations 


