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GRAVITY WAVES: THEIR IMPORTANCE IN THE
MIDDLE ATMOSPHERE AND :
PARAMETERIZATION IN GENERAL
CIRCULATION MODELS

Charles McLandress
University of Washington and ISTS/York University

1. zonal mean circulation
2. linear gravity wave theory

3. gravity wave drag parameterizations:

— Lindzen (1981)

— Fritts and Lu (1993)

— Hines (1997)

— Medvedev and Klaassen (1997)

4. modelling results - impact of different .parameteriza-
tion schemes on:

— extra-tropical circulation
— equatorial oscillations (SAO and diurnal tide)
5. improvement of parameterizations:

— observational constraints
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(1) ZONAL MEAN CIRCULATION

e the extra-tropical middle atfnosphere 1s approximately in geostr-
ophic balance (i.e., Coriolis force equals pressure gradient force).

e the quasi-geostrophic system of equations governing the zonally
averaged circulation is given by:
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e set the forcing term F' to zero and get steady-state solution with
no vertical or meridional motion (i.e., 7=w=0).

e atmosphere is in radiative equilibrium since heating term Q =0.

e consider a numerical model based on QG equations.
e compute the net heating rate as follows:

— short wave (solar) radiation using the parameterization of Stro-
bel (1978) for O3 and Os.

— long wave (terrestrial) radiation using the parameterization of
Fomichev et al (1993) which includes nonlocal thermodynamic
equilibrium in the 15 ym CO, band.
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e compute the steady-state solution in the absence of the zonal force
(F = 0) to yield the radiative-equilibrium temperature Treq and
wind Upqq:

— in summer polar mesosphere: Tyqq > Tobs -
— in winter polar mesosphere: Towd &K Tops -
— by thermal wind relation have |Trqq| > |Tobs| -

e require a zonal force (i.e., '#0) in the upper mesosphere to keep
the zonal mean temperature away from radiative equilibrium.

e early modelling studies [e.g., Holton and Wehrbein, 1980] employed
strong Rayleigh friction in the mesosphere: |

F=-K(2)u.

e problems with Rayleigh friction:
— cannot produce the observed wind reversal of the zonal mean
zonal winds in the upper mesosphere.

— drag depends only on wind speed and not on vertical shear
and cannot result in downward propagation of the equatorial
semiannual oscillation (SAO).
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(2) LINEAR GRAVITY WAVE THEORY

e internal gravity waves exist in a compressible stably stratified at-
mosphere as a consequence of the restoring force of buoyancy.

o consider the following wavelike disturbance:

v = i(z) e cos[k(x —ct)+mz+¢)] .

From the governing equations (i.e., momentum, thermodynamic,
continuity, etc.) a dispersion relation can be derived that relates
the horizontal and vertical wavenumbers k£ and m to the phase
speed c.

e e.g., for a non-rotating atmosphere with a constant background
wind % the dispersion relation is:

N? N?k?
(c—1u)? T W

where w is called the intrinsic frequency.

e gravity waves transport momentum and heat upwards. Consider
the vertical flux of horizontal momentum 7:

T=p<uw>

- where the <> denote an average over the horizontal wavelength
and p(z) = p,e™*/H.

(5.



e from the continuity equation get

k
W'~ ——i e cos[k(z —ct)+mz+¢)]
m

which after use of trigonometric identities and the dispersion rela-
tion yields the momentum flux

k(c—1i .
,r,______];ps (C u),&?

2 N

e mean state changes only if there is a vertical variation in the mo-
mentum flux or flux divergence:

o0t 10r -
— +.=——==F.
ot p0z
o for steady, non-dissipative waves the momentum flux is indepen-

dent of height and so no mean force is generated (F=0).

e dissipation of gravity waves causes a flux divergence and a nonzero
mean force, i.e., gravity wave drag (GWD).

e a gravity wave propagating upwards in a height-dependent basic
state can reach a critical level where its phase speed ¢ matches the
mean wind speed F. Vertical propagation no longer possible and
gravity waves are dissipated => mean wind filtering.
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(3) GWD PARAMETERIZATIONS

¢ Lindzen (1981) parameterization:

— linear monochromatic gravity waves propagating vertically on
a height-dependent background wind.

— growth of amplitude with height due to decreasing density.

— gravity wave breaks when the total temperature lapse rate be-
comes convectively unstable.

— turbulent diffusion is introduced above the breaking height to
maintain neutral stability (i.e., saturation).

— damped wave results in momentum flux divergence and a force
on the zonal wind wind.

— force drives the zonal wind to the phase speed of the gravity
wave (i.e., T — ¢).

— Lindzen parameterization appears in a modified form in oro-
graphic GWD schemes used in GCMs [e.g., McFarlane, 1987].
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¢ Fritts and Lu (1993) parameterization:

— total gravity wave energy expressed as: -
' 27 00 N
E.(2) = A d¢/0 dm/f dwE(m,w, ¢, z) .
— assume separable spectrum whose form is specified:

E = E,(2)A(m)B(w)®(¢) . f

joo o

85 -

— divide energy into 4 quadrants each with same spectral form:
E(2)=E.+FE,+E,+E,.
— apply constraints to energy based on observation and theory:
Eo(z) oc NY2e*/HE

1 N2

where my; 1s the characteristic vertical wavenumber.

< e*lH

— calculate momentum fluxes 7; in each direction from E; and
then compute GWD.
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e Hines (1997) parameterization:

— Hines postulates that fluctuating winds of induced by the spec-
trum of gravity waves acts as an additional background wind
which Doppler spreads spectral harmonics from the low wavenum-
ber portion of the spectrum to high wavenumbers where they
are dissipated.

— assumes a maximum allowable vertical wavenumber m,; called
the cutoff wavenumber such that all waves with m > my are
obliterated as a result of Doppler spreading to critical levels.

— specify the form the low wavenumber portion of the m spec-

trum at an initial height in lower atmosphere

. aboue
— calculate cutoff wavenumber in region using the dispersion rela-

tion and assuming conservative propagation for unobliterated .
wayves, 1.e.,

N,
—Vio+®10;+Dq0},

(mc)] V

where V; is mean wind in jth direction, o variance of gravity -
wave horizontal winds, ®; and ®, are constants.

— momentum flux then depends on vertical variation of the cutoff
wavenumber in each horizontal azimuth.
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e Medvedev and Klaassen (1997) parameterization:

— combines aspects of Doppler spread theory of Hines and non-
linear enhanced diffusion of Weinstock [1990].

— power spectral density of horizontal winds given by
dS(m) 1dp 1 dm

dz (_;dz mg dz '8) 5(m)
where £ is the nonlinear damping coefficient.

— nonlinear diffusion coefficient arise from supposi¥ion that grav-
ity waves of small vertical scales act to diffuse longer vertical
wavelengths.

— vertical wavenumber m depends on background mean winds
and rms winds from low frequency portion of the spectrum.

2.
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(4) MODELLING RESULTS

e Canadian Middle Atmosphere Model (CMAM):

— global general circulation model that extends from earth’s sur-
face to 100 km.

— 3-dimensional using spherical harmonic representation in hor-
izontal (T32 = grid spacing = 5 degrees). |
— contains many physical processes

e two simple mechanistic models:

— zonally averaged model with radiative transfer code.

— linear tidal model that neglects zonal mean wind effects.
e examine effects of GWD on:

— zonal mean circulation in the extratropics.
— zonal mean winds in the tropics (semiannual oscillation).

— migrating diurnal tide.

43,
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