
NorthWest Research Associates, Inc.

P.O Bx 37 * Bllee W 98-C0,09L-,

I

I PROPAGATION AND SATURATION OF NONLINEAR INERTIA IAVITY WAVES
IN THE ATMOSPHEREI

I
Timothy J. Dunkerton
Northwest Research Associates, Inc. -

P.O. Box 3027
Bellevue, WA 98009

I . ,, . 4. . -.,-, . .

14 April 1989 -

Final Report
Contract #F49620-86-C-0026

I Prepared for
AIR FORCE OFFICE OF SCIENTIFIC RESEARCH
Boiling AFB
Washington, DC 20332

300- 120th Ave. N.E * Suite 220, Building 7 * Bellevue, WA 98005 • (206) 453-8141



19CU4iTY CLASSI'PcrCATON OF THIS PAGE

REPORT DOCUM

a SECURITY CI.ASSiFICArION AUTH ELECTE-
Zf DCSFCAONDNGOI = . Z Approved for public release;Q)_

PEqOKINt1G ORGANIZATION REPU410NBER(S ~ S. MONITORING ORGANIZATION REPORT NUMBER(S)

NWA-CR-89-R044 Az Q c -CL 0{
a. NAME OF PERFORMING ORGANIZATION 16b OFFICE SYMBOL 7a NAME OF MONITORING ORGANIZATION

iorthwest Research Associates (fapibl) AF0Sq /NC
ADDRESS (City, State, and ZIP Code) 7b. ADORE SS (City, State, and ZIP Code)

300 120th Ave NE, Bldg 7, Suite 220 Bldg. 410
Bellevue, WA 98005 Bolling AFB DC 20332-6448
INAME OF FUNDING /SPONSORING T b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

AORNZTO(i applicable) F49620-86-C-0026
ADDRESS (City, State, and ZIP Code) .10. SOURCE OF FUNDING NUMBERS

Bldg 410 PROGRAM PROJECT ITASK ~ WORK UNIT
Bolling AFB DC 20332-6448 ELEMENT NO. NO. INO ACCESSION NO.

TITLE (Include Security Classfication)6 10F230A

Propagation and Saturation of Nonlinear Inertia-gravity Waves in the Atmosphere

*PERSONAL AUTHOR(S)
Timo thy J. Dunkerton

a. TYPE OF REPORT 13b, TIME COVERED 114. DATE OF REPORT (Year, Month, Day) 5i~ PAGE COUNT
Final IFROM 15Feb86 TO 14Feb89 I 89 Apr 14
SUPPLEMENTARY NOTATION

COSATI COOES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)
FIELD GROUP SUB-GROUP

* inertia-gravity waves, critical layers

ABSTRACT (Continue on reverse if necessary and identify by block number)

'~Xertia-ravity waves play a significant role in the trans-
port of momentum, heat, and constituents in the terrestrial atmo-
sphere. This transport process is sub'&grid scale in general cir-
culation models and must be parameterized. A generalized parame-
terization scheme is developed in which a gravityvwave is subject
to localized breaking that creates turbulent mixing and retards
amplitude growth. The effect of turbulence localization on tur-
bulent viscosity, diffusivity and mean flow acceleration is
described for the convectively unstable case. Possible general-
izations to Kelvin-Helmholtz breaking are suggested. Numerical
simulations at high resolution illustrate the evolution to small
scales characteristic of convective instability.

DISTRIBUTION IAVAILAB1LITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
~UNCLASSIIED1JNLIMITED 0 SAME AS RPT C OTIC USERS Unclassified
NAME OF RESPONSIBLE INDIVIDUAL I22b. TE LEPHONE (I Id a 22c. OFFirSYBO

Lt Col James G. Stobie, USAF 1(262) 767-4""U
FORM 1473,.84 MAR 83 APR edition may be used ur-oI exhausted. SECURITY CLASSIFICATION OF -HIS PAGE

All other editions are obsolete.

-~~~~ 2 . C

a .-.



I
I
I
I
I

I PROPAGATION AND SATURATION OF NONLINEAR INERTIA-GRAVITY WAVES
IN THE ATMOSPHEREI

I
Timothy J. Dunkerton
Northwest Research Associates, Inc.
P.O. Box 3027
Bellevue, WA 98009I

I
14 April 1989 - . . .. . .

Final Report _ _

Iia C or t 9 2 -6C 0 2 .. . . . . .. . . . . .. . . . .. ... .-. - -.- __........ .....

i ~Contract #F49620-86-C-0026 l ''= ''"*: ;  ... Z -

I AIR FORGE OFFICE OF SCIENTIFIC RESEARCH
Boiling AFB

Washington, DC 20332

I
I



U

* TABLE OF CONTENTS
Page3 DD Form 1473

Table of Contents

* 1. INTRODUCTION 1

* 2. OBJECTIVES OF THE RESEARCH EFFORT 3

* a. Role of convective instability in gravity wave saturation 3

b. Effect of turbulence localization on gravity wave transport 4

I c. Role of Kelvin-Helmholtz instability in gravity wave breaking 4

3 d. Effects of parametric subharmonic instability in convectively stable waves 5

e. High-resolution numerical simulation of inertia-gravity waves 6

* 3. ACCOMPLISHMENTS OF THE RESEARCH EFFORT 7

5 a. Parameterization of convective instability 7

b. Evaluation of the effective turbulent diffusivity for the mean state 8

c. Criteria for Kelvin-Helmholtz instability in a monochromatic gravity wave 8

d. Numerical experiments involving parametric subharmonic instability 9

3 e. High-resolution two-dimensional simulation of an overturning gravity wave 9

4. LIST OF PUBLICATIONS ARISING FROM THIS WORK 16

1 5. CONCLUSIONS AND RECOMMENDATIONS 17

3 6. PROFESSIONAL PERSONNEL ASSOCIATED WITH THE RESEARCH EFFORT 19

7. PRESENTATIONS 20

References 21

3 Publication list for Dr. Timothy J. Dunkerton

I
3 iii



I

* 1. INTRODUCTION

3 Gravity waves are an important feature of the earth's atmosphere, representing one of

two classes of oscillation, rotational and gravitational, that are supported by a rotating,

stably stratified fluid. Over the last decade, our appreciation of gravity waves has grown

tremendously. These waves have been recognized for their role in momentum, heat, and

constituent transport in several ways. The drag force exerted by breaking gravity waves

in the winter troposphere and mesosphere is responsible for limiting the amplitudes of the

I major jet streams in these two regions. In tropical latitudes, equatorially trapped gravity

3 and Kelvin waves drive the semiannual and quasi-biennial oscillations. The distribution

of temperature and trace constituents such as odd oxygen and water vapor are thought to

be affected, at least in part, by the turbulent diffusivity of breaking gravity waves in the

3 upper mesosphere. In the stratosphere, the breakdown of gravity waves is less ubiquitous,

but exists in discrete layers, layers constantly changing with time and believed to be

associated with upward-propagating inertia-gravity waves. In a statistical sense, it has

I been argued that the spectral slope associated with gravity waves is saturated throughout

3 the atmospheric column, with amplitudes and cutoff wavenumbers changing with height

in such a way that the scales and frequencies increase going upward.

U Clearly, the gravity wave component of the fluid motion cannot be ignored in atmo-

3 spheric modelling and in budget studies of the general circulation. However, the dominance

of small-scale motions in the transport process presents a difficulty for numerical models;

these motions are sub-grid scale, even in the highest--resolution state-of-the-art GCM's.

3 Parameterization of gravity wave activity is a necessity. The parameterization issue, how-

ever, is intimately dependent on the theory of gravity wave transport and saturation. In

I 1
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I fact, while observations suggest that such transport and breakdown is occurring in grav-

3 ity waves, they provide only partial clues as to the precise nonlinear mechanisms taking

place; many ambiguities remain. Therefore, observations alone cannot be used to develop

parameterization schemes for numerical models. It is at this point that the theory and

3 direct numerical simulation of the gravity wave manifold is essential.

The purpose of the research supported by the Air Force Office of Scientific Research un-

der Contract F49620-86-C-0026 has been to investigate, both theoretically and numerically,

I the processes governing the propagation, saturation, breakdown, and spectral evolution of

3 nonlinear inertia-gravity waves under conditions typical of the terrestrial atmosphere. Spe-

cific objectives of the work are now described.

I
I
I
I
I
I
U
I
I
I
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1 2. OBJECTIVES OF THE RESEARCH EFFORT

3 A complete list of the objectives of the research effort is as follows:

a. Role of convective instability in gravity wave saturation

The contemporary theory of convective instability in internal gravity waves began with

a paper by Lindzen (1981) who used linear wave theory to deduce expressions for the

i momentum deposition and effective turbulent diffusivity due to a convectively saturated

monochromatic internal gravity wave. The wave amplitude was assumed to be limited so

i as to maintain neutral stability to convection within the most unstable phase of the wave.

3 This saturation hypothesis was incorporated by Dunkerton (1982) in a time-dependent

semi-analytic model of gravity wave, mean-flow interaction.

The scheme of Lindzen (1981), with minor modifications, has already played an impor-

3 tant role in the understanding and numerical parameterization of gravity wave saturation.

However, the underlying assumptions cannot be considered accurate. First, the convective

instability is restricted to a narrow fraction of the wave field; it is unreasonable to expect

i that such a small region of instability will somehow act to saturate the entire wave field.

3 In fact, observations indicate that gravity waves are supersaturated with respect to con-

vection (at least in instantaneous measurements). Therefore, it is necessary to develop a

more realistic parameterization of saturation amplitudes in order to determine momentum

* deposition.

The Lindzen (1981) scheme also predicts an abrupt onset of turbulent diffusivity and

momentum deposition at the lowest altitude of wave breaking. A more realistic parame-

3 terization of amplitude growth would therefore be beneficial to numerical models as well.

3



I

b. Effect of turbulence localization on gravity wave transport

3 A second limitation is that the location of turbulent mixing, within the region of over-

turning, suggests that the effective turbulent mixing of mean potential temperature and

constituent fields may be much smaller than anticipated by Lindzen (1981). The reason

I for this is that mixing, though locally downgradient, is occurring in a region of the wave

* field whose potential temperature gradient is reversed relative to the stable mean gradient.

In effect, the local mixing is countergradient relative to the mean. Consequently, the net

I mixing of heat and constituents will be much less than one would deduce from the Lindzen

I (1981) scheme.

This theoretical intuition agrees with other considerations. Laboratory experiments

involving convectively unstable gravity waves suggest that very little mixing of the mean

density gradient occurs. In the mesosphere, photochemical considerations place an upper

limit on the amount of gravity wave mixing, suggesting a large effective turbulent Prandtl

number (.- 10).

I The anticipated reduction in effective turbulent diffusivity affects not only the diffusion

3 of heat and constituents but also the evaluation of momentum diffusion (effective turbulent

viscosity) required to maintain neutral stability of the primary wave. While supersatura-

tion suggests a weaker viscosity, more viscosity is required to compensate for the loss of

turbulent diffusivity due to localization of convection. These mechanisms compete with

u one another, although (as shown below) the net effect of localization is generally to reduce

the turbulent diffusivity and viscosity

I c. Role of Kelvin-Helmholtz instability in gravity wave breaking

3 The effect of mean shear and/or rotation causes Kelvin-Helmholtz instability to take

I 4



U precedence over convection as the dominant secondary instability in internal gravity wave

3 motion. For an inertia-gravity wave, the transverse velocity component exhibits its greatest

shear in the phase of the wave having a local minimum in total static stability; this phase

of the wave therefore can satisfy the necessary condition for Kelvin-Helmholtz instability

I prior to the overturning of potential temperature surfaces. For a non-rotating gravity wave

in mean shear, we obtain a similar result. This type of instability has been observed in

the laboratory by Delisi and Dunkerton (1989) in a breaking internal gravity wave.

I In general, the existence of secondary instabilities other than local convection could

3 have significant effects on the momentum transport and mixing. However, the location of

KH breaking is quite close to that of convection, and might imply results similar to those

obtained with convective saturation theory. It will be necessary to examine these instability

3 criteria more closely and develop suitable generalizations to the parameterization scheme

for circumstances in which Kelvin-Helmholtz instability is dominant.

d. Effects of parametric subharmonic nstability in convectively stable gravity waves

1 Monochromatic gravity waves are the exception in reality. A spectrum of gravity

waves, as observed, admits many nonlinear interactions when individual components attain

large amplitude. By interacting with and extracting energy from the primary wave, these

interactions can directly affect transport and mixing. Perhaps they can also contribute to

3 the saturation of the wave.

One such interaction, the parametric subharmonic instability, is well-known and has

been observed in the laboratory. This intcrction arises from the osc;atiaLon of isopycnal

I surfaces, by analogy to the instability of a forced pendulum (McComas and Bretherton,

3 1977). Unstable growth rates have been examined by Mied (1976), Yeh and Liu (1981), and



m

m Klostermeyer (1982). These growth rates are significant when the primary wave attains

an amplitude of the same magnitude as required for convective instability. Perhaps more

importantly, the parametric subharmonic instability (like other nonlinear interactions)

takes place continuously even when the primary wave stays below the convective instability

m threshold. We know immediately, then, that the convective saturation theory cannot be

generally valid as a gravity wave transport parameterization. However, the nonlinear

saturation problem is exceedingly difficult. Simple numerical experiments, reported below,

m help address this issue and suggest a heuristic modification to the parameterization scheme.

3 e. High-resolution numerical simulation of inertia-gravity waves

A major, iong-term goal of our research effort is to develop and utilize a numerical

model of gravity waves in three dimensions, The motivation is two-fold. First, nonlinear

I processes occurring in two dimensions are sufficiently complicated that we cannot develop

general parameterization schemes (or at least understand how accurate they are) apart

from direct numerical simulation. Second, the introduction of a third dimension, as in the

I real world, admits a rotational class of motion that can interact with the gravitational

3 class. It is desirable to understand how the two manifolds interact, and whether one

is, say, unstable to motions of the other. Of course, interactions will occur apart from

instability; these include mean flow interactions involving gravity waves, equatorial waves,

and planetary Rossby waves. Finally, the saturation of inertia-gravity waves with respect

m to other motions of the gravitational class is itself an inherently three-dimensional process.

I
I
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3. ACCOMPLISHMENTS OF THE RESEARCH EFFORT

The results briefly summarized below have been published in a series of papers by the

author: the material of subsections 3a-c appears in a lengthy review (Dunkerton, 1989)

and the PSI experiments of subsection 3d appear in Dunkerton (1987).

I a. Parameterization of convective instability

Our desire is to generalize Lindzen's (1981) convective saturation hypothesis and its

formulao for momentum deposition and effective turbulent viscosity and diffusivity. To do

I this, I have altered the underlying assumptions of the hypothesis in two ways:

3 1) The primary wave is allowed to grow to ampiitudes exceeding the convective instabil-

ity threshold in such a way that the sum of all Fourier harmonics represents a neutral,

sawtooth-like wave.

5 2) The local turbulent diffusion is a function of wave phase, a function chosen to maximize

* at the point of greatest overturning and decay away from this point.

The resulting expression for turbulent eddy viscosity then assumes the formI
=(1-/3/a)-lka _ 2 o, c a lz (1)ke -[1 - - IdI2N 3  H i-c ad9z

where a is nondimensional wave amplitude and 3 is a nondimensional measure of local-

ization. Other parameters are defined in Dunkerton (1989). According to (1), there is

I competition between the effect of localization (which reduces the effective turbulent diffu-

3 sivity and therefore requires a higher turbulent viscosity to compensate) and wave growth

(arising because the projection of the sawtooth-like wave on the primary wave exceeds

U unity). In order to use (1) it is necessary to relate the degree of localization to the degree

7I



I of wave growth; this requires that a functional form of the local turbulent diffusion be spec-

ified. An example was described by Dunkerton (1989) and compared to the Lindzen (1981)

formulae. In our modified scheme, the mean flow acceleration and turbulent viscosity onset

smoothly. For the example cited by Dunkerton, the turbulent viscosity is reduced, and the

effective turbulent diffusivity is reduced even more. Of course, the vertically-integrated

* acceleration beneath the critical level is invariant.

b. Evaluation of the effective turbulent diffusivity for the mean state

I In the above formulation the effective turbulent Prandtl number for the mean state is

I Pr-f = 1 - 2a0 + a 2 (1 + Y)/2 (2)

I where -1 is a small triple-correlation term (Coy and Fritts, 1988). For further discussion of

5 the derivation of (2) from first principles, see Fritts and Dunkerton (1985). A Lagrangian

derivation of the same result has been given by Coy and Fritts (1988).

U As already noted, the effective turbulent Prandtl number is much greater than unity,

in contrast to the underlying assumption of Lindzen (1981).

c. Criteria for Kelvin-Helmholtz instability in a monochromatic gravity wave

If the criterion for convective instability is a = 1, as above, the respective criteria

I for Kelvin-Helmholtz instability in the presenre of rotation or mean shear can be derived

I and shown to be somewhat less than unity (Dunkerton, 1984; Fritts and Rastogi, 1985;

Dunkerton, 1989). For inertia-gravity waves, the relevant amplitude is determined from

* the expression

or 2 - i = .25a 2  (3)
1- -a

I
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I where a _ w/f. For internal gravity waves in shear, on the other hand,

a ( - a) 2 (4)

I where kt is the inverse square-root Richardson number.

A theory of Kelvin-Helmholtz saturation has not been developed and applied to gravity

wave parameterization; nevertheless, it would be straightforward to use these instability

criteria in connection with the results above to derive the behavior wave amplitude, tur-

bulent viscosity, and so on. Our numerical modelling has the direct simulation of local KH

I breaking as one of its chief near-term objectives.

d. Numerical experiments involving parametric subharmonic instability

I Simple experiments were performed by Dunkerton (1987) to estimate the probable im-

portance of parametric subharmonic instability (PSI) in internal gravity waves. A large-

amplitude primary wave was destabilized by the presence of a small-amplitude, resonating

partner, leading to the generation of the third member of the triad and (soon thereafter)

a cascade of energy to other scales. These experiments demonstrated that the PSI mech-

anism limits the amount of momentum that can be transported by any single monochro-

matic gravity wave packet. However, the quasi-linear theory and its associated saturation

I hypothesis remain viable for the initial evolution of the packet; in the case of short-lived

wave events, the quasi-linear theory may be adequate. Further discussion of these results

and their implications appears in Dunkerton (1987, 1989).

e. High-resolution two-dimensional simulation of an overturning gravity wave

The most intensive aspect of the research being performed under this project involves

the development and implementation of a three-dimensional numerical model with capa-

I9
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I bilities to simulate inertia-gravity waves on an f-plane and equatorially-trapped waves on

a beta-plane. Development of a preliminary two-dimensional version of the code was com-

pleted in the second year of this investigation; the third year has been largely devoted to

a series of numerical experiments involving forced, large-amplitude gravity waves incident

on a critical level. We now briefly describe the methods used in the numerical code and

* some results for one particular simulation.

The model employs a set of hydrostatic, quasi-Boussinesq equations which on an f-plane

I assume the form

au + u I'U+ au - au + dq (5o ~ w -+g-X (5)

--[+ u -+f ) + v-Y + w-- + -= Y (6)at ax a az ay
Io- + + +  N + o Q (7)at ax ay az Q

au av aw
Say a z H(8)

where u, v, and € are zonal and meridional and geopotential, respectively, and w is the

I vertical velocity in log- pressure coordinates (z is log-pressure height). These equations

are divided into mean and perturbation equations, which are solved separately. (For the

simulation reported here, the mean flow is held constant in time.) The dependent variables

of the numerical model are u, v, and 0,; equations for these quantities are stepped forward

in time using the Adams-Bashforth method. The next step in the calculation is to solve for

0 and w; this is done with vertical integration across the domain depth, using Simpson's

rule. This calculation, and the evaluation of all horizontal derivatives, is done in spectral

space. The fast Fourier transform is used to move back and forth between physical and

spectral space. In our simulations, forcing is applied at the lower boundary in the form

10
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_ of a vertical velocity perturbation. The Klemp and Durran (1983) condition is invoked at

the upper boundary. Nonlinear terms near the lower boundary are artificially weighted

by a sine ramp function to prevent the nonlinearity from generating noise at the lower

boundary.

For the simulation described here, the mean flow is taken to vary linearly in height

(with shear equal to 2 ms-'km- ') such that a critical level (Ui = c = 0) exists at the level

z/D = 0.8, where D is the domain depth (10 km). The horizontal domain is taken to be

1 200 km wide, and the model is forced by gradually switching on a stationary wavenumber

1 perturbation to a fixed magnitude of 0.1 ms - 1 at t = 20000 sec. This forcing generates

a nearly monochromatic wavepacket that propagates vertically and grows in amplitude

as the critical level is approached. At some time t = toe, the primary wave overturns

5 (Fig. la), and thereafter, at t = t,, instabilities break out (Fig. 1b). These instabilities

involve many higher harmonics, but growth is ultimately most rapid for the highest har-

monic resolved by the simulation. In this simulation we have used 32 Fourier harmonics

I to resolve the zonal direction, and set f = 0 (nonrotating case). In order to achieve a per-

fectly unaliased nonlinear calculation, we are required to truncate the top one-third of the

harmonic spectrum at each time step; thus, the highest harmonic visible after truncation

I is wave 20, as seen in Fig. lb. The dominance of the highest harmonic is symptomatic

of convective instability, as expected from simple theoretical considerations (Dunkerton,

1989). However, it poses a difficulty for numerical simulations which must be overcome

with higher resolution and scale- dependent damping. Our current work examines these

3 alternatives, and results will be presented in a forthcoming publication.

Most of our work in the third year has involved model testing and validation. Several

11I



i -

Y, "' evel

-- • ------ ----

" ; : < : < > ' " : , , < .. ... .. ., < ' .. ...............) ) ) : • - -" " .v ... .- .. .-..... ' ... . '. :

.....,. . > .. .. --. d i i ::::::::::::: : : ... ..,;

I,

_ ~ ~ ~ ~ ~ ~ ~ ... ....===========: ... ......====================
I ~~~~ ~~..... ..... 7 vv ")"))))))

l..

l

Figure la. Perturbation temperature contours at t=tov~r for
numerical simulation discussed in txt. contourI interval is 0.O5°C where white (black) represents tem-
perature perturbations >0.100 (< - 0.i°C). Hor-
izontal (vertical) tic marks represent 10 km (0.5 kin).

I
.12



.I. .

.~~~r ........ l.

......... .. level.

I .............
... ... ... .. ....

.I..... O w ......
.....I... .......

...I.......
..................... .....3 ...........
.......I.

numercal imulaion iscused i textiticalou

peatr petubtin .. ..... .. .. .. iC) Hor-..... 1
izontal........ (vertical) tic marks represent 10 km (0.5.'*'..*-..---..,,..,,...**..*,..,-,..-,..,I.....,,..,.kin).:....

.. ... ... .. .. ... ... ...
U...... 1 3..... ........................... ...... ..... ..



I * 10-

I 9-
8I
7

E

0

5 --

LU

l~~ t J ~e conv

3 0 2 4 6 8 10

Time (104 sec)

i

i Figure 2. Total ( ), kinetic (-....), and available poten-
tial ( - ) energy versus time for numerical
simulation discussed in text. tover and t are the
times corresponding to Figures la and 1 respec-
tively.

I
i
I
I
I 14



I

I time-stepping methods were tried; the stability of the present scheme is superior to the

others that have been tested. Energetic consistency is a particular concern, and we have

evaluated the model results in terms of their ability to conserve total kinetic and potential

energy (formulated in terms of the Lorenz cycle directly from the model equations above).

Fig. 2 shows the energy components (supplied by the pressure work at the lower boundary)

which grow at a steady rate, beyond the point of overturning and onset of convection, until

late in the calculation. This late-time divergence is symptomatic of numerical instability;

I model results cannot be believed beyond this point. We think it is significant that the

initial process of overturning and convection exhibits realistic energy evolution, suggesting

that a genuine simulation of convection has been attained. However, the problem of scale

U selection remains. We are examining this question presently.

5 Before proceeding to three-dimensional calculations, we intend to investigate the break-

down of the primary wave in regions of strong mean shear in order to construct an analog

of the experimental situation and discovery of secondary KH instability by Delisi and

I Dunkerton (1989).

I
I
I
I
I
I
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I_ 5. CONCLUSIONS AND RECOMMENDATIONS

There has been considerable progress in the theoretical development of gravity wave

parameterizations; these have largely involved some variation of a convective saturation

hypothesis. But as seen above, other dynamical mechanisms could also play a part in

gravity wave saturation, momentum deposition, and mixing. Some of these mechanisms,

like Kelvin-Helmholtz instability, are easily incorporated into the convective saturation

hypothesis; others, like parametric subharmonic instability and nonlinear interactions, are

sufficiently complex to preclude analytic treatment even in a very simplified way. These

complexities point to direct numerical simulation as an avenue of study that will be fruiful

in the coming years.

There is, however, an even more basic issue: how well do the existing parameterizations

of gravity wave breaking capture the actual processes of local convective and Kelvin-

Helmholtz instability? In other words, if one could simulate a monochromatic gravity

wave in a numerical model or in the laboratory, would the observed behavior be adequately

described by the parameterization? Already there has been mutual stimulation between

theory and experiment. In a recent laboratory study by Delisi and Dunkerton (1989), an

experiment was devised to study the convective breakdown of a gravity wave incident on

a critical layer in a weakly sheared mean flow. As it turned out, secondary instability

was achieved, but it appeared to be Kelvin-Helmholtz in character rather than purely

convective. These laboratory results, which are robust from experiment to experiment,

will be used in the near future to modify the convective saturation theory and incorporate

KH breaking.

The real world, however, introduces still greater complexity with a complete spectrum

17
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i of gravity wave motions; large amplitude waves are present which may interact nonlinearly

in ways not addressed by simple saturation theory. Suitable numerical and laboratory

experiments are now being devised to address possible saturation mechanisms as nonlinear

instability and transitional flow over localized topography.

Emphasis in the coming years, then, should be given to the numerical and laboratory

simulation of gravity waves, generalization of theoretical parameterizations, and compar-

isons between the two. These objectives are included in our current work. In the realm

i of observational studies there is also much work to be done; particular emphasis should

be given to the establishment of radar networks as a means to understand the three-

dimensional structure of gravity waves, as well as their spectral evolution and interaction

i with the rotational class. Single-station observations are, of course, useful in establishing

5 climatological aspects of gravity wave transport that will serve as ground truth in general

circulation models incorporating gravity wave parameterizations, but many ambiguities

remain concerning the processes by which gravity waves are interacting with each other

and transporting and depositing momentum in the mean flow. It is the proper under-

i standing of these mechanisms that will ultimately form the foundation of a practically

useful theory of gravity wave transport. This theory will, in turn, provide a backbone for

i gravity wave parameterizations in general circulation models that are intended to enhance

* our understanding and prediction of atmospheric behavior.

1
I
I
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I 6. PROFESSIONAL PERSONNEL ASSOCIATED WITH THE RESEARCH EFFORT

Model development is being done by Robert E. Robins of Northwest Research As-

sociates, Inc. His programming expertise has been indispensable to this effort. Some

i numerics gaidance has also been provided on occasion from Dr. James J. Riley of the

University of Washington. Theoretical discussions with Drs. Donald P. Delisi, David C.

Fritts, and Michael E. McIntyre have been beneficial to this ongoing research.

I
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* 7. PRESENTATIONS

Dr. Dunkerton presented an invited review talk on gravity waves at the American

Meteorological Society meeting held in Seattle, August 1987. He also participated in the

i MASH/GRATMAP Workshop in Adelaide, Australia in May 1987 and presented a similar

talk at that meeting. Aspects of equatorial dynamics were discussed in an invited review

talk by Dr. Dunkerton at the recent joint conference of the American Meteorological

Society in San Francisco, April 1989.
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