The Gravity Wave Project

A Proposed International Team for Merging Space- and Ground-
based Observational Constraints for Gravity Wave Parameteriza-
tions in Climate Models

Abstract:

Gravity waves, sometimes called buoyancy waves, have dramatic effects on the circulation
in planetary atmospheres through the wave drag and diffusion they induce.' ® Because they
have small scales compared to the resolution in global models, these effects are parameterized.
The importance of including parameterized wave drag has long been recognized as critical
to weather prediction,”® and now researchers are demonstrating new sensitivities to gravity
wave drag in simulations of Earth’s climate that incorporate trends in greenhouse gases
and ozone-depleting chemicals.” ' Modelers using the parameterizations must set numerous
poorly constrained parameters that describe wave propagation properties and amplitudes.
Key to accurate parameterization of the wave drag is knowledge of the spectrum of wave
momentum flux as a function of wave phase speeds and wavenumbers.'? 14

Global constraints on wave momentum flux are needed that can only come from satel-
lite observations. Gravity wave scales are small compared to typical satellite measurement
footprints, yet in the last 15 years detection of atmospheric gravity waves in satellite data
are becoming more common.'®!% Determination of wave momentum flux from these obser-
vations places special demands on the measurements that have only been met with some
of the more recent data using innovative analysis techniques.!” ! The waves must not only
be detected but fully resolved, and their three-dimensional structure must be characterized.
Satellite measurements and analysis methods now exist to characterize a large fraction of
the spectrum of wave momentum flux. However, to realize the goal of defining global con-
straints sufficient for climate modeling requires merging of a collection of measurements from
different techniques on different satellites with full characterization of the limitations of each
technique?® as well as the uncertainties.?’ Uncertainties in momentum flux using satellite
measurements alone remain large (Figure 1), but cross-calibration among the various tech-
niques along with ground-based balloon measurements can provide the constraints that will
lead to dramatic changes in the way gravity wave parameterizations are used in global mod-
els. Instead of conducting poorly constrained and laborious tuning excercises, modelers will
have a set of well-defined parameter ranges from which to choose.
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Scientific Rationale:

e The goal of our team’s work will be to create a self-consistent global dataset of at-
mospheric gravity wave momentum fluxes and propagation properties for climate and
weather forecasting applications.

This will be accomplished with cross-calibration along with careful consideration of the limits
and uncertainties involved in each of the relevant satellite and ground-based data sets. Our
team includes the leading experts on the use of each of the relevant data sets for gravity
wave studies. A collection of different gravity wave parameterizations are in use at different
international modeling centers, and this means each parameterization requires specification
of a slightly different set of input parameters.?> 2* Qur team includes key members of the
global modeling community who will ensure that the dataset we create will be in a readily
useable form for modeling work.

Figure 1 above shows two example maps of momentum flux estimated from satellite
data. Fluxes in the left panel are derived from CRISTA (Cryogenic Infrared Spectrometers
and Telescopes of the Atmosphere)® with contours in 1073Pa. The right panel was derived
from HIRDLS data (High Resolution Dynamics Limb Sounder)'® with fluxes contoured as
logio(Pa). Patterns are similar in the two estimates, but magnitudes differ by up to a factor
of 10 because of differences in the treatment of the uncertainty in wave propagation direction.

Both CRISTA% and HIRDLS? were limb profiling instruments capable of measuring
gravity wave temperature fluctuations at high vertical resolution and with close horizontal
spacing between profiles. To convert wave temperature amplitude T to momentum flux F,
requires local measures of both the vertical A\, and horizontal Ay wavelength.'® Then,

Fu o< (Mg /Aq)T2. (1)

The horizontal wavelength was estimated in these analyses using the change in phase A¢
between two closely spaced profiles separated by a distance Ar as A, = 2rAr/A¢. A, here is
the apparent horizontal wavelength along the line joining the two profiles. The true horizontal
wavelength Ay is that measured along the direction of wave propagation Ay = \.cosf where
0 is the angle between the line 7 joining the two profiles and the propagtion direction,
which is unknown from the CRISTA and HIRDLS measurements. Since Ay < A, unknown
propagation direction leads to a systematic underestimate in momentum flux.

Although there are numerous detailed differences between the CRISTA and HIRDLS
measurements, the primary reason for discrepancies in the magnitude of momentum flux
shown in Figure 1 is the treatment of uncertainty in horizontal wavelength. In the left panel,
an attempt to account for latitudinal variations in the degree of overestimation of horizon-
tal wavelength was made, however with the information available this correction could be
considered little better than an educated guess. The right panel, in contrast, attempted
no correction, reporting instead a reliably low limit on the momentum fluxes. Very recent
measurements of latitudinal variations in propagation direction have been reported®” using
GPS (Global Positioning System) radio occultation measurements from low-earth orbiting
satellites in the Constellation Observing System for Meteorology, Ionosphere and Climate
(COSMIC)? that will greatly improve the correction factors for propagation direction ap-
plied to the momentum fluxes determined from CRISTA, HIRDLS, and other limb scanning
techniques.



e Through cooperation within the international team, our members can therefore correct
the largest single uncertainty in current estimates of global momentum fluxes.
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Figure 2. The colors show satellite observations of wave temperature fluctuations in the
atmosphere above the Andes mountains (left) and above a storm over Darwin, Australia
(right).

Figure 2 shows two samples of the high-resolution satellite measurements that are used
by team members. HIRDLS temperature fluctuations in a mountain wave event are shown
in vertical cross-section in the left panel. The white line shows the topography below the
measurements. The color image on the right shows a sample of Atmospheric Infrared Sounder
(AIRS) radiance fluctuations that show wave temperature fluctuations in an event emanating
from an intense tropical storm. HIRDLS, a limb profiler, provides high vertical resolution
of 1 km but only coarse horizontal resolution: 100 km separation between profiles along
the measurement track and 24° longitude separation between measurement tracks at the
equator. AIRS, in constrast, is a nadir imaging instrument that observes the horizontal
structure of gravity waves in fine detail with horizontal resolution of 13.5 km at the nadir,
however the information in the vertical is blurred by deep weighting functions. HIRDLS can
observe short vertical wavelength waves that are invisible to AIRS, while AIRS can image
horizontal wavelength and propagation direction that will either be invisble to HIRDLS or at
best coarsely undersampled. These limitations on horizontal and vertical wavelength define
the observational filter for each measurement technique.?

The limb scanning and nadir imaging measurements are generally complementary, ob-
serving different portions of the the total spectrum of gravity waves that are present in the
atmosphere. Certain waves with both moderately long horizontal and vertical wavelengths
can be observed by both instruments. Figure 3 shows a map of the coverage of the relevant
satellite measurements in this horizontal and vertical wavelength space. Observational filter
functions for each measurement technique have already been defined by individuals on our
team.?!:2932 These will be used to combine the various measurements into a self-consistent
set. Momentum fluxes derived from each technique also have unique uncertainties that will
be carefully considered.

In addition to CRISTA, HIRDLS, AIRS and COSMIC/GPS, important measurements
in the microwave from the Advanced Microwave Sounding Unit (AMSU) provide improved



local time coverage compared to the other high-inclination orbiting satellite techniques.?

Crucial calibration of the satellite momentum fluxes comes from balloon-borne measurements
including high-resolution radiosondes that are launched from sites all over the world®* 3¢
and long-duration Lagrangian drift balloons that can complete multiple circuits of the globe
before descent.3! These balloon-borne measurements also provide direct determination of
wave intrinsic frequencies, the frequencies measured by an observer moving with the wind,
which allow estimation of momentum fluxes using very different means, and an independent
test of the theory behind equation (1).
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Expected output:

We envision each team member will contribute to a set of six to nine individual-led
peer-reviewed articles, possibly published as a special journal collection. The articles will
describe our coordinated efforts to constrain the global distribution and seasonal variations
of gravity wave momentum flux in the stratosphere, to quantify the uncertainties, and to
explain carefully what portion of the spectrum is included and what is missing.

We also plan to upload the merged data to the Data Center (http://www.sparc.sunysb.edu)
for the World Climate Research Programme’s SPARC Project (Stratospheric Processes &
their Role in Climate) for broad access, and to publish a summary of the merged data sets
as a SPARC report. Team Leader Alexander is currently coordinator for a SPARC gravity
wave focus group, and Member Geller has maintained the Data Center.

What special value does ISSI provide?

ISSI provides a central location and comfortable meeting facilities where the international
team members can address and work through the technical details required to merge the
various data sets contributing to the combined global constraints. ISSI’s original mandate
was that of “generating for relatively low cost more high-quality science from the projects
conducted by the various space agencies.” Our project fits this mandate exactly. We note
that none of the space-based measurements we will be using were designed to observe small-
scale atmospheric waves. Instead, innovative researchers, many of whom are on our team,
found ways to extract this information from measurements designed for different purposes.
Despite this handicap, the field has advanced considerably, and now ESA is considering a
new mission with one of its primary goals the measurement of gravity wave momentum
fluxes from space. The results of our project will set the standard for these proposed ESA



measurements and may refine instrument specifications.

List of confirmed team members:

Joan Alexander (Team Leader, USA), Julio Bacmeister (USA), Stephen Ecker-
mann (USA), Manfred Ern (Germany), Marvin Geller (USA), Albert Hertzog
(France), Takeshi Horinouchi (Japan), Elisa Manzini (Italy), Peter Preusse (Ger-
many), Kaoru Sato (Japan), Adam Scaife (UK), and Robert Vincent (Australia).

Our international team is comprised of twelve leading scientists from the US (four),
Australia (one), Japan (two) and Europe (five), including Germany, France, Italy, and the
UK. A short CV for each team member is appended.

e The team brings leading expertise on all of the relevant satellite measurements plus
crucial additional measurements needed for calibration, and members include experts
from the global modeling community to ensure that the observational constraints we
derive can be utilized at major modeling centers around the world.

The broad expertise of our team members includes detailed knowledge of satellite instru-
mentation, dynamical theory, data analysis, and climate modeling. The problem we address
demands the focused attention of this broad group to accomplish the goals. The best testi-
monial to both the urgent need for this project and the timeliness is that this broad-based
team of world leaders on the subject have all enthusiastically agreed to participate.

Schedule of the project: We plan two 5-day face-to-face meetings in Bern. The first
meeting will focus on details of the various data sets where we define the requirements for
data analysis for the next phase. The second meeting will focus on cross-calibration and on
the publications. The publications will likely be coauthored by several team members. This
second meeting will provide valuable face time for developing/finishing these collaborative
publications.

Tentative schedule: Meeting 1 in late winter-early spring 2010, duration 5 days; Meeting 2
in fall 2010 or spring 2011, duration 5 days; Journal article submissions in late spring 2011;
Final report to ISSI in summer 2011.

Facilities required: We will require a meeting room with a large-table for seating 12-14
people. Participants will bring their own laptops. A computer projector and screen will be
required and a black board/white board would be useful. Internet connection (preferably
wireless) will be needed for all team members. Communication between members’ laptops
can be handled via the internet (email) and via portable storage media that individual
members will bring. Coffee/Tea/Snacks for refreshment during the discussions and for breaks
will also be needed.

Financial Support requested: We request per diem for 12 participants plus two additional
young scientists (UK and Australia) that we hope to add to the team at a later date in
accordance with the proposal guidelines. Per diem will be needed for 6-7 days for each
participant for each of the two meetings. We also request round trip airfare for Dr. Vincent
who is partially retired and will not be able to attend without travel support. (The Team
Leader will defer her travel support.)



Bibliography

10.

11.

12.

Lindzen, R. S. Turbulence and stress owing to gravity wave and tidal breakdown. J.
Geophys. Res. 86, 9707-9714 (1981).

Holton, J. R. The influence of gravity wave breaking on the general circulation of the
middle atmosphere. J. Atmos. Sci. 40, 2497-2507 (1983).

. West, R. A., Friedson, A. J. & Appleby, J. F. Jovian large-scale stratospheric circulation.

Icarus 100, 245-259 (1992).

Alexander, M. J. A mechanism for the Venus thermospheric superrotation. Geophys.
Res. Lett. 19, 2207-2210 (1992).

. Leovy, C. Weather and climate on Mars. Nature 412, 245-249 (2001).

Miiller-Wodarg, I. C. F., Mendillo, M., Yelle, R. V. & Aylward, A. D. A global circulation
model of Saturn’s thermosphere. Icarus 180, 147-160 (2006).

Palmer, T. N., Shutts, G. J. & Swinbank, R. Alleviation of a systematic westerly bias
in general circulation and numerical weather prediction models through an orographic
gravity wave drag parameterization. (. J. R. Meteorol. Soc. 112, 1001-1039 (1986).

. Webster, S., Brown, A. R., Cameron, D. R. & Jones, C. P. Improvements to the repre-

sentation of orography in the Met Office Unified Model. Q. J. R. Meteorol. Soc. 129,
1989-2010 (2003).

Sigmond, M., Scinocca, J. F. & Kushner, P. J. The impact of the stratosphere on
tropospheric climate change. Geophys. Res. Lett. 35, doi:10.1029/2008GL033573 (2008).

Li, F., Austin, J. & Wilson, J. The strength of the Brewer-Dobson circulation in a
changing climate: Coupled chemistry-climate model simulations. J. Clim. 21, 40-57
(2008).

McLandress, C. & Shepherd, T. G.  Simulated anthropogenic changes in the
Brewer-Dobson circulation, including its extension to high latitudes. J. Clim. DOI:
10.1175/2008JCLI2679.1 (2009).

Hines, C. Doppler-spread parameterization of gravity-wave momentum deposition in
the middle atmosphere. 1. Basic formulation. J. Atmos. Solar-Terr. Phys. 59, 371-86
(1997).



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Alexander, M. J. & Dunkerton, T. J. A spectral parameterization of mean-flow forcing
due to breaking gravity waves. J. Atmos. Sci. 56, 4167-4182 (1999).

Warner, C. & Mclntyre, M. An ultra-simple spectral parameterization for non-orographic
gravity waves. J. Atmos. Sci. 58, 1837-1857 (2001).

Fetzer, E. J. & Gille, J. C. Gravity wave variance in LIMS temperatures. Part I: Vari-
ability and comparison with background winds. J. Atmos. Sci. 51, 2461-2483 (1994).

Wu, D. L. & Waters, J. W. Satellite observations of atmospheric variances: A possible
indication of gravity waves. Geophys. Res. Lett. 23, 3631-3634 (1996).

Eckermann, S. D. & Preusse, P. Global measurements of stratospheric mountain waves
from space. Science 286, 1534-1537 (1999).

Ern, M., Preusse, P., Alexander, M. J. & Warner, C. D. Absolute values of
gravity wave momentum flux derived from satellite data. J. Geophys. Res. 109,
d0i:10.1029,/2004JD004752 (2004).

Alexander, M. J. et al. Global estimates of gravity wave momentum flux from High
Resolution Dynamics Limb Sounder (HIRDLS) observations. J. Geophys. Res. 113,
d0i:10.1029,/2007JD008807 (2008).

Alexander, M. J. Interpretations of observed climatological patterns in stratospheric
gravity wave variance. J. Geophys. Res. 103, 8627-8640 (1998).

Preusse, P. et al. Space based measurements of stratospheric mountain waves by
CRISTA 1. Sensitivity, analysis method and a case study. J. Geophys. Res. 107(D23),
d0i:10.1029,/2001JD000699 (2002).

Bacmeister, J. T. Mountain-wave drag in the stratosphere and mesosphere inferred from
observed winds and a simple mountain-wave parameterization scheme. J. Atmos. Sci.
50, 377-399 (1993).

Manzini, E. & McFarlane, N. The effect of varying the source spectrum of a gravity
wave parameterization in a middle atmosphere general circulation model. J. Geophys.
Res. 103, 31,523-31,539 (1998).

Scaife, A., Butchart, N., Warner, C. & Swinbank, R. Impact of a spectral gravity wave
parameterization on the stratosphere in the Met Office Unified Model. J. Atmos. Sci.
59, 1473-1489 (2002).

Offermann, D. et al. Cryogenic Infrared Spectrometers and Telescopes for the Atmo-
sphere (CRISTA) experiment and middle atmosphere variability. J. Geophys. Res. 104,
16,311-16,325 (1999).

Gille, J. C. & et al. The High Resolution Dynamics Limb Sounder (HIRDLS): Experi-
ment overview, recovery and validation of initial temperature data. J. Geophys. Res. in
press, doi:10.1029/2007JD008824 (2008).

7



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Horinouchi, T. & Tsuda, T. Spatial structures and statistics of atmospheric gravity
waves derived using a heuristic vertical cross-section extraction from COSMIC GPS
radio occultation data. J. Geophys. Res. 114, (accepted) (2009).

Rocken, C. et al. COSMIC system description. Terr. Atmos. Ocean. Sci. 11(1), 21-52
(2000).

Alexander, M. J., Tsuda, T. & Vincent, R. A. On the latitudinal variations observed in
gravity waves with short vertical wavelengths. J. Atmos. Sci. 59, 1394-1404 (2002).

Eckermann, S. D. & Wu, D. L. Imaging gravity waves in lower stratospheric AMSU-A
radiances. Part 1: Simple forward model. Atmos. Chem. Phys. 6, 3325-3341 (2006).

Hertzog, A., Boccara, G., Vincent, R. A., Vial, F. & Cocquerez, P. Estimation of gravity
wave momentum flux and phase speeds from quasi-Lagrangian stratospheric balloon
flights. Part II: Results from the Vorcore campaign in Antarctica. J. Atmos. Sci. 65,
3056-3070 (2008).

Hoffmann, L. & Alexander, M. J. Retrieval of stratospheric temperatures from AIRS
radiance measurements for gravity wave studies. J. Geophys. Res. (in press) (2009).

Eckermann, S. D. et al. Imaging gravity waves in lower stratospheric AMSU-A radiances.
Part 2: Validation case study. Atmos. Chem. Phys. 6, 3343-3362 (2006).

Hamilton, K. & Vincent, R. High-resolution radiosonde data offer new prospects for
research. FOS 76, 497 (1995).

Vincent, R. & Alexander, M. Gravity waves in the tropical lower stratosphere: An
observational study of seasonal and interannual variability. J. Geophys. Res. 105, 17,971—
17,982 (2000).

Wang, L., Geller, M. A. & Alexander, M. J. Spatial and temporal variations of grav-
ity wave parameters. Part 1: Intrinsic frequency, wavelength, and vertical propagation
direction. J. Atmos. Sci. 62, 125-142 (2005).

Preusse, P., Eckermann, S. D. & M., E. Transparency of the atmosphere to short
horizontal wavelength gravity waves. J. Geophys. Res. 113, do0i:10.1029,/2007JD009682
(2008).



