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Joan Alexander
Colorado Research Associates

GRAVITY WAVES

- Vertically propagating waves associated with the buoyancy
restoring force in stably stratified fluids.

- Parcels oscillate parallel to phase lines and perpendicular
to the direction of phase propagation.

Z,+ 0z

d=(ds)

o (Ncosa)*ds

Parcel acceleration = Buoyancy force along ds

General solution §s=exp[£i(Ncosa)t].
Parcels oscillate at frequency Ncosa where N is the buoyancy

frequency,
=\ 1/2
N = (:Z EZE .
0 dz



Detailed analysis starting from the linearized fundamental fluid
equations neglecting the Coriolis force gives the dispersion re-
lationship:

N2k?
[m2 + k2 +1/(4H?)]
@ = (w — uk) is the intrinsic frequency
k, m are the horizontal and vertical wavenumbers

% is the wind along the wave propagation direction
H is the density scale height p = poe_(z"‘ZU)/_H

(w— '&k)2 &2 =

Al

Can often approximate |m| >> (2H)~! giving

) Nk _
W i_(mz T k2)1/2 ~ 4+ Ncosa.

Define & > 0. Then eastward propagation for @ > 0, ¢ = ©/k >
0, and lines of constant phase

¢ = kzx + mz — wt = Constant

slope upward for m < 0.
Energy propagates at the group velocity
ow Ow N
B )=|=—,— ) =(4,0) £
( gﬁ:cga) (akzam> (u’,) (m2+k.2)3/2

So for eastward propagating waves (positive root) energy prop-
agates upward and eastward relative to the mean flow. Since

k

m

(—m, k)

Oz

Cgz + U

the group velocity vector is parallel to phase lines and perpen-
dicular to phase propagation.
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Inertia-Gravity Waves

For low frequency gravity waves, the Coriolis force must be
included, and the dispersion relationship becomes

o* o~ 2+ N2k fm?®

where [ is the Coriolis parameter. The vertical to horizontal
group velocity ratio

Cox + i

= | %] = @ -y

So inertia-gravity waves propagate more closely to the hori-
zontal than is the case for a pure gravity wave. Inertia-gravity
waves also display horizontal wind perturbations both parallel
and perpendicular to the propagation direction such that

v (f
o8

Vertical profiles plotted as u'(z) vs v'(z) (called a hodograph})
trace an ellipse which becomes more circular as @— > f.

[ is a lower limit for vertical propagation of gravity waves, and
in general

f| < |@] < Nk/\/k> +1/(4H?).
w = f represents a critical level where the phase speed ¢ = 4.

@ = Nk/\/k*+1/(4H?) is a turning point where the vertical
group velocity changes sign and energy is reflected downward.
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Figure 4. Vertical profiles of (a) zonal and (b) meridional wind perturbations, (c)
hodograph of the perturbation motions, and (d) percentage normalized temperature
fluctuations for 5 February, 1995 at 2200 UT. In (c) the numbers 18 and 25 inicate

the start and stop heights of the profiles



Gravity Wave Breaking

Adiabatic waves, isentropes (#=Constant) are material sur-
faces. Convective instability onset where

a0 0b o8

Pl e

where § and €' are the background and disturbance potential
temperature. The altitude where wave breaking will occur can
be estimated from the linear solution.

The hydrostatic relationship in terms of the geopotential @

0o _ _ R —(z—zg)Rfe, H
- = RT/H = be

Separating ® = ® + ®' with
®' = dpexp|(z — z)/(2H) + i(kx + mz — wi)]
and differentiating gives 96/dz = 0 when
N? = m2@ge/2H

So the breaking level is given by 2z, ~ 2H 111|1""ur mr ey 1| where
®y is the wave amplitude at the reference level z,.

For larger @y or larger m (smaller vertical wavelength), wave
breaking is lower in the atmosphere. Since

N

C—u

m o~ £

even small amplitude waves break as they approach a critical
level.
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Gravity Wave Effects on the Atmosphere

Gravity waves carry momentum and energy vertically. Break-
ing or dissipation drives mean flow accelerations and can have
vertical mixing and heating effects on the background atmo-
sphere. Body force on the mean flow:

_ 1 oM
X =207

where M = p(u'w’)(1 — f?/@?%). M is —1 times the gravity
wave component of the EP-Flux. M > 0 (< 0) for eastward
(westward) propagating waves. X always in the direction of
wave propagation. (Transience and nonlinearities can give rise
to secondary wave emission from the breaking region.)

The EP-Flux is approximately conserved as a gravity wave
propagates vertically. Then X o p~' means that very small
amplitude waves in the troposphere can have huge effects in
the mesosphere.

Stratosphere winds are eastward in winter, westward in sum-
mer. These winds filter the gravity wave spectrum such that
westward propagating waves break in the mesosphere, eastward
in summer. Resulting drag forces, through Coriolis torques,
drive a summer-to-winter meridional circulation,

da/ot — fo* = X



Atmospheric Gravity Wave Scales:
Horizontal wavelengths ~ 10 — 1000s km
Vertical wavelengths ~ 1 — 30 km, and possibly longer

FPeriods:

Intrinsic frequency f < w < N
So 2w /w ~ 5 min — several days

Observed from ground «w = @ + uk
Can extend outside this range

Phase speeds ~ 0 — 100 m/s, and possibly higher



Gravity Waves in Vertical Shear U(z)
Simplified linear theory gives insight into the effects of back-
ground wind and stability variations on gravity waves as they

propagate vertically:

N(z)k
Intrinsic frequency O =wy — kU (2) ~ ((Z))
m(z
Vertical wavelength  Az(2) ~ &(2) m
ertical waveleng 7(2) ~ é(z N2

Intrinsic phase speed ¢ = ¢ — U(z)
Critical level: ¢=c—U(z) — 0

horizontal wn = k, vertical wn = m, buoyancy freq = N

Observation of a gravity wave approaching a critical
level [Sato and Yamada, 1994]:

For this case c~0so Az — 0 as U(z) — 0.

5 -5 0 5 -5 0 5

40 -20 0 -5 O
(m/s) (K) (m/s) (m/s)
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Doppler-Shifting / Refraction Effects

Simulation of gravity waves generated by convection
showing refraction of waves In the stratosphere :

Strong Stratospheric Shear
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Mean Flow U(z) Effects:
Doppler-shifting and Refraction

o

Figure 3. Two-dimensional simulations of tropical squall lines [Alexander and Holion, 19697).
Tha simulations am identical excapt for the shear in the stratosphene above 15 km altitude.
{a) Case with easterly shear above 20 km, (b) Case with westerly shear above 20 km, The
thick solid lines show the outline of the cloud water, the thin lines show potential temperatue
surfaces at 10K inervals, and the shading represents vertical velbocity, vertical vielocity
sCala saturates at +/- 1.3 més to show detail in the siratosphare. Peak values in tha tropao-
sphere are actually larer at +/- & mis.



CRISTA Eckermann & Preusse (1999)
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Gravity Wave Sources

1. Topography
- only stationary waves c=0
- mainly northern hemisphere winter
- note that the mesosphere effects depend on wave

"saturation” assumptions

2. Jet instability
- again mostly winter hemisphere
- also more prevalent in northern hemisphere?

3. Convection
- can produce high phase speed waves
- will be common in the tropics & summertime extratropit

- large momentum fluxes have been observed

4. Other
shear generation, geostrophic adjustment,
wave-wave interactions, secondary wave emission

from wave breaking regions



Global Distribution of Topographic Waves

Bacmeister’s [1993] topographic ridge-finding algorithm
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FIG. 3. Fractional area of 2.5° X 2.5° analysis boxes containing vertically propagating mountain
waves S,., which depends on a, as described in Eq. (4) of the text. Only 0.5 contour is drawn in
the _ﬁgu_re. This represents the maximum fractional area with waves allowed in the new param-
eterization.

® Topography is a geographically limited wave source.

® Most sources are in the Northern Hemisphere.

® Stationary (c=0) mountain waves can only propagate
through the stratosphere in winter.



Results from the Canadian Middle Atmosphere Model (CMAM) [McLandress, 1998]

Includes topographic sources with a Lindzen-type [McFarlane, 1987] parameterization of gravity wave drag.

% 001 Japuary Z?nal Wind (CIRA) 97 Bt July Zonal Wind (CIRA) o
o - ' =020 2920
o] — - ;: /\l/_\/ 183
b= 2 69 T =) -\/40 |
69
< & log E 2
~ .30 5700 B =
> ) T ; {57 @
=4 51-00 . ;1. ("5 o I—wE
n = o
% §7,00 35 3 %7» 10 fs g
A = = 7 fa)
S 50 3 } DN
-} 150 e
0 1000 30
60S
July Zonal Wind (RF1)
97 003}, e £
189 i
. ne _ . 0093
e - g = .03F
a 69 E .10f
= £ 62 2. — a3}
=) 55 %% 5 1.06
] .06k
i 5 - 70335}
2 hE £ 1o
] ol —~ 26|
£ S A egl
E = 21 129}
15 L
-« 6 995F
E 0
o Latitude

Latitude



Model of jet stream baroclinic instability
[O’Sullivan and Dunkerton, 1995]

\ axis of
inflection

Similar to inferred
source of inertia-
gravity waves over
Macquarie Island
(55 S latitude)
[Guest et al., 2000]




Numerical Simulations of Convection suggest relationships between:

-The storm characteristics, and
-The characteristics of the waves generated in the stratosphere

VERTICAL VELOCITY POWER SPECTRA OF WAVES IN THE STRATOSPHERE:
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"Mechanical Oscillator" Mechanism

Fovell et al. (1992): 2-D Linear Mechanistic Model
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Deep Heating Mechanism for Convectively Generated Waves
Salby & Garcla (1987)

For buoyancy frequency increase

by 2X across the tropopause: Gravity wave dispersion relation:

F 3 }VZ s IC'Ul ;N
7 4
vertical = heating
wavelength  depth . MOMENTUM FLUX SPECTRUM
Peak storm-relative
phase speed is
| LLL LT ------l----";R-{;;{;F;G;E- FL.UX pI'DpDI'tiUI]E!.l to
'y heating depth.
e
HEA]
SOURCE STORM
SPEED
C
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MLS Temperature Variance - Summer Subtropics
McLandress et al. [2000]
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" Transient Mountain" Mechanism for Convectively Generated Waves
Pfister etal., JGR, 1993; Pfister etal., JAS, 1993
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Steady heating assumption --> moving mountain

Chun and Baik [1998; 2002] Parameterization

20.0 —r—— .
16.0 -
- - Assumes convective heating Q is
. steady, dQ/dt=0
€
<
N - Waves are generated when there
. 1s a topside wind relative to the
- heatin
4.0 g
- Response looks like mountain wave
TP = with c=storm propagation speed

FiG. 2. Perturbation vertical velocity field by (9). The parameters 3 1S Cs 1 ¢
||.~4mII(.'|rc ) —If“;l..‘;l:;]n:.l :\, —{'IlllI km].]:‘lly—rhﬁ El\ln:,}N‘,“'; li)l,‘(llls“'lj]:’vt. t—- - MOdEIS Sh()w thIS can be lmpOItdnt
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a;, and 7, = 273 K. The Richardson IIlIII\h(_‘I'Filﬁﬁllt‘killcs;}\!I[‘]I the [0] long llved Stol Lt

basic flow is 9. The contour interval is 0.03 m s !,

- Observations suggest this as a viable
mechansism for large-scale waves
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Simulations of Wave Generation by Convective Heating
[Beres et al., 2002]
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Gravity Waves above a Storm in a b) X-Z cross S'E?Fﬁffﬁ'bﬂ.. -
Numerical Model (Piani et al., 2000) ARBANNR R i (i (V%
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a) View from the SW of the w'=0.1 m/s isosurface.
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Geophysical

Dewan et. al. (1998) Research
Letters

D oom ome om n-a-:-*ﬂu.-_in bEEHhEE:IF:

Brigntness Temparature ik}

dlrmllt-ﬂi.-al-_ﬂ-::ﬂ‘-n'—mnl# e

Track of M5X image, 40 km altitude
. Bottom edge ---Top edge

MSX SPIRITIIl (4.3 pm) : 10:32 UT November 13, 1996

APRILT,1998 Volume 25 Number 7

AMERI CaN GEOPHY S1CaL UNION



Ongoing Research and Anticipated Future Directions

- Numerous spectral gravity wave param eterizations
available that are being tested in different global models

- New satellite observation analysis techniques to detect
small-scale perturbations

- New space-based observation techniques

- Availability of other new global data sets

- Several recent and planned campaigns will provide insight
into gravity wave generation mechanisms and vertical
propagation into the middle atmosphere



