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The SPARC Gravity Wave Activity 
in recent years has placed a focus 
on the role of gravity waves in 
driving the general circulation of 
the stratosphere. While planetary-
scale Rossby wave-driving clearly 
dominates the stratospheric 
circulation, small biases in the 
zonal-mean zonal winds can have 
very significant effects on Rossby 
wave propagation. Parameterized 
gravity wave (GW) drag in climate 
models is a primary tool used to 
reduce zonal-mean wind biases, 
and hence small-scale GWs can 
have larger impacts by helping to 
shape the propagation pathways 
of the more dominant Rossby 
waves. Contribution of GWs to 
the stratospheric circulation in 
the summer hemisphere may be 
particularly important because 
Rossby waves rarely propagate 
in easterly winds. In the tropical 
stratosphere, GWs and larger-scale 
waves play an approximately equal 
role in driving the quasi-biennial 
oscillation (QBO; e.g. Kawatani 
et al., 2010). This gives small-
scale GWs an important role in 
regional climate through shaping 
teleconnection pathways. For 
example, Scaife et al. (2014) show 
that the QBO is an important factor 
in forecasting the North Atlantic 
Oscillation. GWs also have a role 
in long-range weather forecasting 
through their influence on planetary 
wave propagation and sudden 
stratospheric warmings (Sigmond 
and Scinocca, 2010; Wright 
et al., 2010; France et al., 2012; 

McLandress et al., 2012; Tomikawa 
et al., 2012; Sigmond et al., 2013). 
Improving the realism of these 
processes in global models requires 
realistic GW drag forces, including 
their distributions with latitude 
and height, and their changes over 
the broad range of timescales for 
weather and climate applications. 
However, determining what is 
realistic is a challenge.

The GW activity has thus been 
focusing on (1) using observations 
and models to constrain GW 
momentum fluxes (the GW 
contribution to Eliassen-Palm 
flux), (2) developing methods for 
constraining GW forces on the 
circulation, and (3) identifying 
important sources of GW 
momentum flux and quantifying 
their geographical and seasonal 
variations. 

In 2013 a group from the activity 
published their comparison of GW 
momentum fluxes in observations 
and models (Geller et al., 2013). The 
results showed surprisingly good 
agreement among climate models 
in how much total absolute GW 
momentum flux is needed to obtain a 
reasonable simulation of the middle 
atmospheric circulation. Limb-
scanning satellite observations have 
been used to derive momentum 
flux estimates with global coverage 
over three or more years, however 
these remain severely limited by 
sampling resolution: Momentum 
fluxes estimated from satellite 

observations are significantly 
smaller than parameterized fluxes 
in climate models because of 
limitations on the wavelengths of 
waves that can be observed. The 
satellite measurements also do not 
currently provide any directional 
information on the fluxes, and 
observational filtering can give 
the appearance that waves have 
dissipated when in fact they 
may simply not be visible due to 
sampling. 

The above factors combine to make 
it impossible to directly compute 
the GW drag force from current 
satellite measurements alone. Ern 
et al. (2011) examined vertical 
gradients in satellite-derived GW 
momentum fluxes and discussed 
these as ‘potential accelerations’ of 
the wind. More recently Ern et  al. 
(2014) refer to these gradients as 
GW ‘drag’, but members of the 
activity want to caution that calling 
this quantity ‘drag’ is misleading. 
Radiosonde profiles can also provide 
a measure of GW momentum flux, 
but as with most measurement 
types, the sampling limitations 
greatly restrict the portion of the 
full GW spectrum that can be 
observed. Measurements from long-
duration super-pressure balloons 
(Vincent and Hertzog, 2014) offer 
the most accurate global-scale GW 
momentum flux data. Momentum 
fluxes derived from these balloon 
data include directional information 
and cover the full range of the 
GW frequency spectrum (Rabier 
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et al., 2013; Jewtoukof et al., 
2013), although these data are 
quite limited in area and time and 
provide data at only one altitude. 
So again, drag cannot be computed 
from these data alone. New 
measurements from the Antarctic 
MST/IS radar can provide vertical 
profiles of GW momentum fluxes 
and drag with high time-resolution 
but only at a single location, and 
need additional modeling studies 
to examine horizontal distributions 
of the drag (Sato et al., 2014). 
Thus the GW force on the global 
circulation remains something not 
yet possible to derive directly from 
observations.

Global GW drag can be estimated 
with data assimilation techniques 
(Pulido and Thuburn, 2005; 
McLandress et al., 2012). Pulido 
(2014) describes a new and simple 
method for deriving unresolved (or 
‘missing’) drag in the extra-tropical 
stratosphere based on potential 
vorticity inversion. Pulido (2014) 
applied the method to an idealized 
model constrained by observations 
from reanalysis, and also showed 
errors that can result from estimating 
GW drag directly from assimilation 
wind increments. In particular, 
the wind increment method can 
produce erroneous latitudinal and 
longitudinal structure if the drag 
force is spatially localized. 

Since GW drag is now recognized 
as an important component of 
atmospheric models used for 
regional climate prediction and 
long-range weather forecasting, 
new emphasis lies on including 
realistic sources of GWs as well 
as testing and improving GW 
parameterization methods for 
global models. Parameterizations 
that permit climate and weather 
feedbacks on sources are being 
included in more models (Richter 
et al., 2010; Kim et al., 2013; 

Schirber et al., 2014a; Richter 
et al., 2014a,b), and experiments 
with these models show some 
intriguing connections between 
the stratosphere and the surface. 
For example, Richter et al., (2010) 
show how changes in surface 
friction create a chain reaction on 
orographic GWs, planetary waves, 
and sudden stratospheric warming 
frequency. In the tropics, sensitivity 
to the details of the method of GW 
parameterization has been shown 
to strongly influence predicted 
changes in the QBO period 
(Schirber et al., 2014b). It is clear 
that changes in the strength of the 
QBO have occurred in recent years 
(Kawatani and Hamilton, 2013), an 
observation that puts new emphasis 
on the importance of longer-term 
QBO prediction. At extra-tropical 
latitudes, GW sources include not 
only flow over topography, but also 
precipitating storms, fronts, and jets 
(Hoffmann et al., 2013; Alexander 
and Grimsdell, 2013; Hendricks 
et al., 2014). Plougonven and 
Zhang (2014) provide a review of 
research on jet and frontal sources. 
Theoretical studies of GW radiating 
from these sources continue 
(e.g. Yasuda et al., 2014a,b). 
Sources of GWs are clearly very 
intermittent (Hertzog et al., 2008; 
2012; Wright et al., 2013) and new 
stochastic parameterization methods 
better capture this intermittency 
(Eckermann et al., 2011; Lott 
et al., 2012) as well as more 
realistic effects on the stratospheric 
circulation. 

Other new work related to 
parameterization methods examines 
horizontal and time-dependent 
GW propagation, which are 
neglected in most climate model 
parameterizations (Choi and Chun, 
2013; Kalisch et al., 2014). The 
ray-based parameterization method 
of Song and Chun (2008) includes 
these effects, but the computational 

costs currently prohibit application 
of such methods in long-term 
climate runs. Several global 
modelling groups are instead 
running short-term climate and 
weather simulations at extremely 
high resolution, where these effects 
can be explicitly resolved (Sato 
et al., 2012; Preusse et al., 2014). 
Although analyses of waves in such 
high-resolution simulations suggest 
much of the GW spectrum remains 
unresolved (Figure 1), continuing 
studies with high-resolution models 
are beginning to reveal details 
about GW sources and propagation 
that assist in the interpretation of 
observations.

One way that GWs and chemistry are 
linked is through the stratospheric 
transport circulation (or residual 
circulation). The role of GWs in this 
circulation is a research area ripe 
with new developments. Climate 
models almost uniformly predict an 
increasing trend in the strength of 
the transport circulation in the next 
century, and the role for GWs in 
this trend is still debated. Different 
models have different recipes for 
planetary wave, synoptic wave, and 
GW contributions to driving the 
stratospheric transport circulation as 
revealed in model inter-comparisons 
and summarized in a recent 
review by Butchart (2014). Cohen 
et al. (2014) provide a potential 
explanation for the spread among 
different model recipes. Their 
idealized model studies showed that 
localized intense GW forces were 
largely compensated by reductions 
in forcing due to resolved Rossby 
waves, with almost no net influence 
on the transport circulation. They 
also found evidence for this 
compensation acting in full physics 
climate models (Cohen et al., 2013). 
New theoretical developments have 
also provided a three-dimensional 
formulation for the residual 
circulation (Kinoshita and Sato, 
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2013a,b). Small-scale GW forcing 
is generally zonally asymmetric, 
and the new three-dimensional 
form of the residual circulation can 
describe the zonally asymmetric 
response (Sato et al., 2013).

We have summarized only a sample 
of new developments related to 
GWs in the recent literature here, 
highlighting a few recent results 
from researchers active in the 
SPARC Gravity Wave Activity, and 
choosing a focus on stratosphere-
troposphere connections and 
their role in climate. Many other 
GW studies can be found in the 
literature that we have not covered 
here, and many new developments 
are underway. Just as planetary 
waves were a major focus of 
research in the mid-20th century 
as researchers began to model the 
global atmospheric circulation, 
today’s global models have begun 

to directly simulate portions of 
the GW spectrum. The resulting 
studies of non-linear dynamical 
interactions between waves of all 
scales place GW dynamics at the 
centre of a ‘new scale of interest’ 
for modelling the global circulation.

Acknowledgements

The International Space Science Institute 
(ISSI) provided support to the group 
for 2013 and 2014 meetings in Bern, 
Switzerland, where many of the results 
described here were discussed. The authors 
would like to thank the participants in those 
ISSI meetings and those who contributed 
input for this article: Julio Bacmeister, 
Andrew Bushell, Naftali Cohen, Stephanie 
Evan, Marvin Geller, Albert Hertzog, 
Yoshio Kawatani, David Long, François 
Lott, Elisa Manzini, Charles McLandress, 
Peter Preusse, Manuel Pulido, Corwin 
Wright, and Nedjeljka Žagar.

References

Alexander, M.J. and A.W. Grimsdell, 2013: 
Seasonal cycle of orographic gravity wave 
occurrence above small islands in the 
Southern Hemisphere: Implications for 
effects on general circulation, J. Geophys. 
Res., 118, doi:10.1002/2013JD020526.

Choi, H.-J. and H.-Y.Chun, 2013: Effects 
of Convective Gravity Wave Drag in the 
Southern Hemisphere Winter Stratosphere, 
J. Atmos. Sci., 70, 2120–2136, doi: 10.1175/
JAS-D-12-0238.1.

Cohen, N.Y., E.P. Gerber, and O. Bühler, 
2014: What Drives the Brewer–Dobson 
Circulation?, J. Atmos. Sci., 71, 3837–3855. 
doi: 10.1175/JAS-D-14-0021.1. 

Cohen, N.Y., E.P. Gerber, and O. Bühler, 2013: 
Compensation between resolved and unresolved 
wave driving in the stratosphere: Implications 
for downward control, J. Atmos. Sci., 70, 
3780–3798, doi: 10.1175/JAS-D-12-0346.1

Figure 1: Comparison of momentum fluxes at 20km altitude from ECMWF analysis and Concordiasi superpressure balloon measurements 
from September 2009-January 2010. (a) ECMWF at native resolution, (b) 2.5° Concordiasi-like resolution, (c) and with the space/time bal-
loon sampling taken into account, multiplied by 5x. (d) GW momentum fluxes inferred from the Concordiasi balloon campaign. The spatial 
distribution of GW fluxes agree well (except over Antarctica), but the ECMWF fluxes are underestimated by a factor of five, essentially due 
to the limited resolution of the ECMWF model. [Jewtoukoff et al., 2015]



12  SPARC newsletter n° 44 - January 2015

Eckermann, S.D., 2011: Explicitly Stochastic 
Parameterization of Nonorographic Gravity 
Wave Drag, J. Atmos. Sci., 68, 1749–1765, 
doi: 10.1175/2011JAS3684.1.

Ern, M., et al., 2011: Implications for 
atmospheric dynamics derived from global 
observations of gravity wave momentum 
flux in stratosphere and mesosphere, 
J. Geophys. Res., 116, D19107, 
doi:10.1029/2011JD015821.

Ern, M., et al., 2014: Interaction of gravity 
waves with the QBO: A satellite perspective, 
J. Geophys. Res. Atmos., 119, 2329-2355, 
doi:10.1002/2013JD020731.

France, J.A., et al., 2012: HIRDLS 
observations of the gravity wave-driven 
elevated stratopause in 2006, J. Geophys. 
Res., 117, D20, doi:10.1029/2012JD017958.

Geller, M.A., et al., 2013: A Comparison 
between Gravity Wave Momentum Fluxes 
in Observations and Climate Models, 
J. Clim., 26, 6383–6405, doi: 10.1175/
JCLI-D-12-00545.1.

Hendricks, E.A., et al., 2014: What Is the 
Source of the Stratospheric Gravity Wave 
Belt in Austral Winter?, J. Atmos. Sci., 71, 
1583–1592, doi: 10.1175/JAS-D-13-0332.1.

Hertzog A., et al., 2008: Estimation 
of gravity-wave momentum fluxes 
and phase speeds from long-duration 
stratospheric balloon flights. Part 2: 
Results from the Vorcore campaign in 
Antarctica, J. Atmos. Sci., 65, 3056–3070, 
10.1175/2008JAS2710.1.

Hertzog, A., M.J. Alexander, and 
R. Plougonven, 2012: On the intermittency 
of gravity wave momentum flux in the 
stratosphere, J. Atmos. Sci., 69, 3433-3448, 
doi: 10.1175/JAS-D-12-09.1.

Hoffmann, L., X. Xue, and M.J. Alexander, 
2013: A global view of stratospheric gravity 
wave hotspots located with Atmospheric 
Infrared Sounder Observations, J. Geophys. 
Res., 118, doi: 10.1029/2012JD018658.

Jewtoukoff, V., R. Plougonven, and 
A. Hertzog, 2013: Gravity waves generated 
by deep tropical convection: Estimates 
from balloon observations and mesoscale 
simulations, J. Geophys. Res., 118, doi: 
10.1002/jgrd.50781.

Jewtoukoff V., et al., 2015: Gravity waves 
in the Southern Hemisphere derived from 
balloon observations and the ECMWF 
analyses, J. Atmos. Sci., (in revision).

Kalisch, S., et al., 2014: Differences 
in gravity wave drag between realistic 
oblique and assumed vertical propagation, 
J. Geophys. Res., 119, 10,081–10,099, doi: 
10.1002/2014JD021779.

Kawatani, Y.S., et al., 2010: The Roles of 
Equatorial Trapped Waves and Internal 
Inertia–Gravity Waves in Driving the 
Quasi-Biennial Oscillation. Part I: Zonal 
Mean Wave Forcing, J. Atmos. Sci., 67, 
963–980, doi: 10.1175/2009JAS3222.1.

Kawatani, Y., and K. Hamilton, 2013: 
Weakened stratospheric Quasibiennial 
Oscillation driven by increased tropical 
mean upwelling, Nature, 497, 478-481, doi: 
10.1038/nature12140.

Kim Y.-H., A.C. Bushell, D.R. Jackson, and 
H.-Y. Chun, 2013: Impacts of introducing 
a convective gravity-wave parameterization 
upon the QBO in the Met Office Unified 
Model, Geophys. Res. Lett., 40, 1873–1877, 
doi: 10.1002/grl.50353.

Kinoshita, T., and K. Sato, 2013a: 
A formulation of unified three-dimensional 
wave activity flux of inertia-gravity waves 
and Rossby waves, J. Atmos. Sci., 70, 1603-
1615, doi:10.1175/JAS-D-12-0138.1.

Kinoshita, T., and K. Sato, 2013b: 
A formulation of three-dimensional 
residual mean flow applicable both to 
inertia-gravity waves and to Rossby waves, 
J. Atmos. Sci., 70, 1577-1602, doi: 101175/
JAS-D-12-0137.1.

Kinoshita, T., and K. Sato, 2014: 

A formulation of three-dimensional residual 
mean flow and wave activity flux applicable 
to equatorial waves, J. Atmos. Sci., 71, 
3427-3438, doi: 10.1175/JAS-D-13-0161.1. 

Lott, F., L. Guez, and P. Maury, 2012: 
A stochastic parameterization of non-
orographic gravity waves: Formalism 
and impact on the equatorial stratosphere, 
Geophys. Res. Lett., 39, L06807, doi: 
10.1029/2012GL051001.

McLandress C., T.G. Shepherd, 
S. Polavarapu, and S.R. Beagley, 2012: Is 
Missing Orographic Gravity Wave Drag 
near 60°S the Cause of the Stratospheric 
Zonal Wind Biases in Chemistry–Climate 
Models?, J. Atmos. Sci., 69, 802–818, doi: 
10.1175/JAS-D-11-0159.1.

Plougonven, R., and F. Zhang, 2014: 
Internal gravity waves from atmospheric 
jets and fronts, Rev. Geophys., 52, 33–76, 
doi: 10.1002/2012RG000419.

Preusse, P., et al., 2014: Characteristics 
of gravity waves resolved by ECMWF, 
Atmos. Chem. Phys., 14, 10483-10508, doi: 
10.5194/acp-14-10483-2014.

Pulido, M. and J. Thuburn, 2005: Gravity-
wave drag estimation from global analyses 
using variational data assimilation 
principles. I: Theory and implementation, 
Q. J. R. Meteorol. Soc., 131, 1821–1840, 
doi: 10.1256/qj.04.116.

Pulido, M., 2014: A Simple Technique to 
Infer the Missing Gravity Wave Drag in 
the Middle Atmosphere Using a General 
Circulation Model: Potential Vorticity 
Budget, J. Atmos. Sci., 71, 683-696, doi: 
10.1175/JAS-D-13-0198.1.

Rabier, F., et al., 2013: The Concordiasi 
Field Experiment over Antarctica: First 
Results from Innovative Atmospheric 
Measurements, Bull. Amer. Meteor. 
Soc., 94, ES17–ES20, doi:10.1175/
BAMS-D-12-00005.1.

Richter, J.H., F. Sassi, and R.R. Garcia, 



 SPARC newsletter n° 44 - January 2015 13

2010: Toward a physically based gravity 
wave source parameterization in a general 
circulation model, J. Atmos. Sci., 67, 136-
156, doi: 10.1175/2009JAS3112.1.

Richter, J.H., A. Solomon, and 
J.T. Bacmeister, 2014a: On the simulation 
of the quasi-biennial oscillation in the 
Community Atmosphere Model, version 5, 
J. Geophys. Res. 119, 3045-3062, doi: 
10.1002/2013JD021122.

Richter, J.H., A. Solomon, and 
J.T. Bacmeister, 2014b: Effects of Vertical 
Resolution and Non-Orographic Gravity 
Wave Drag On the Simulated Climate in the 
Community Atmosphere Model, Version 5, 
J. Adv. Model. Earth Sys., 6, 357-383, doi: 
10.1002/2013MS000303.

Sato, K., S. Tateno, S. Watanabe, and 
Y. Kawatani, 2012: Gravity Wave 
Characteristics in the Southern Hemisphere 
Revealed by a High-Resolution Middle-
Atmosphere General Circulation Model, 
J. Atmos. Sci., 69, 1378–1396, doi: 10.1175/
JAS-D-11-0101.1.

Sato, K., T. Kinoshita, and K. Okamoto, 
2013: A new method to estimate three-
dimensional residual mean circulation in 
the middle atmosphere and its application to 
gravity-wave resolving general circulation 
model data, J. Atmos. Sci., 70, 3756–3779, 
doi: 10.1175/JAS-D-12-0352.1. 

Sato, K., et al., 2014: Program of the 
Antarctic Syowa MST/IS Radar (PANSY), 
J. Atmos. Solar-Terr. Phys., 118, 2-15, doi: 
10.1016/j.jastp.2013.08.022.

Scaife, A. A., et al., 2014: Skillful long-

range prediction of European and North 
American winters, Geophys. Res. Lett., 41, 
2514–2519, doi: 10.1002/2014GL059637.

Schirber, S., E. Manzini, and M.J. Alexander, 
2014a: A convection based gravity wave 
parameterization in a general circulation 
model: Implementation and improvements 
on the QBO, J. Adv. Model. Earth Syst., 6, 
264–279, doi: 10.1002/2013MS000286.

Schirber, S., E. Manzini, T. Krismer, and 
M. Giorgetta, 2014b: The Quasi-Biennial 
Oscillation in a warmer climate: Sensitivity 
to different gravity wave parameterizations, 
Clim. Dyn., doi: 10.1007/s00382-014-2314-
2.

Sigmond, M., and J.F. Scinocca, 2010: The 
influence of basic state on the Northern 
Hemisphere circulation response to climate 
change, J. Clim., 23, 1434-1446, doi: 
10.1175/2009JCL13167.1.

Sigmond, M., J.F. Scinocca, V.V. Kharin, 
T.G. Shepherd, 2013: Enhanced seasonal 
forecast skill following stratospheric 
sudden warmings, Nature Geosci., 6, 98-
102, doi: 10.1038/ngeo1698.

Song, I.-S., and H.-Y. Chun, 2008: 
Lagrangian spectral parameterization of 
gravity wave drag induced by cumulus 
convection, J. Atmos. Sci., 65, 1204-1224, 
doi: 10.1175/2007JAS2369.1.

Tomikawa, Y., et al., 2012: Growth of 
planetary waves and the formation of 
an elevated stratopause after a major 
stratospheric sudden warming in a 
T213L256 GCM, J. Geophys. Res., 117, 
doi: 10.1029/2011JD017243.

Wright, C.J., et al., 2010: High Resolution 
Dynamics Limb Sounder measurements of 
gravity wave activity in the 2006 Arctic 
stratosphere, J. Geophys. Res., 115, doi: 
10.1029/2009JD011858.

Wright, C.J., S.M. Osprey, and J.C. Gille, 
2013: Global observations of gravity 
wave intermittency and its impact on the 
observed momentum flux morphology, J. 
Geophys. Res. Atmos., 118, 10,980–10,993, 
doi: 10.1002/jgrd.50869.

Vincent, R.A., and Hertzog, A., 2014: 
The response of superpressure balloons to 
gravity wave motions, Atmos. Meas. Tech., 
7, 1043-1055, doi: 10.5194/amt-7-1043-
2014.

Yasuda, Y., K. Sato, and N. Sugimoto, 2014a: 
A theoretical study on the spontaneous 
radiation of inertia-gravity waves using 
the renormalization group method. Part I: 
Derivation of the renormalization group 
equations, J. Atmos. Sci., doi: 10.1175/
JAS-D-13-0370.1.

Yasuda, Y., K. Sato, and N. Sugimoto, 2014b: 
A theoretical study on the spontaneous 
radiation of inertia-gravity waves using 
the renormalization group method. Part II: 
Verification of the theoretical equations by 
numerical simulation, J. Atmos. Sci., doi: 
10.1175/JAS-D-13-0371.1.


