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ABSTRACT 

Free and forced oscillations are compared for infinite and bounded atmospheres. Both continuous and two 
layer bounded atmospheres are considered. It is found that bounded atmospheres reproduce the frce oscillations 
of the infinite atmosphere with accuracy that depends on top height-they, however, also introduce spurious free 
oscillations. In studying forced oscillations, the spurious oscillations of bounded atmospheres appear as spurious 
resonances. In general, bounded atmospheres do not properly respond to oscillations that propagate vertically. 

1. INTRODUCTION 
It is common practice to use simplified calculations in 

order to elucidate the nature of various more compli- 
cated atmospheric problems. As pointed out by Lindzen 
[3], a variety of such problems is included in the con- 
sideration of linearized perturbations on a static basic 
state (or one with a “constant” zonal flow). Sukh a study 

gives a remarkably good description of Rossby-Haurwitz 
waves, atmospheric tides, and other features. It is clear 
that various multilevel numerical models do not corre- 
spond precisely to the real atmosphere-especially as 
concerns vertical resolution and the upper boundary. If 
the above ’ mentioned simplified calculations had been 
carried out for prototypes ‘of the model atmospheres 
rather than of the real atmosphere, what would have 
resulted? In this paper we will consider the behavior of 
free and thermally forced linear perturbations on a static 
isothermal atmosphere for three different models : 

1. An infinite atmosphere where disturbances are re- 
quired to remain bounded as z (i.e., altitude) --fa. If 
the disturbances propagate vertically, a radiation con- 
dition is imposed at  great altitudes. 

2. A bounded atmosphere where dp/dt=O at some 
upper boundary height. 

3. A bounded atmosphere wherein the continuous 
vertical variation is approximated by a two layer model. 

It will be shown that, under certain conditions, various 
classes of motions behave similarly in each of the models. 
However, there are always very significant differences as 
well. In particular, while models 2 and 3 can approxi- 
mately reproduce the Rossby waves described by model 
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1, they also produce spurious Rossby waves. Also, models 
2 and 3 can badly misrepresent thermal tides. Model 2 
has been included primarily because it is toward this 
model that mu1 tilevel models converge as the number 
of levels is increased. 

9. EQUATIONS 
We consider the problem of linearized oscillations in a 

rotating, isothermal, spherical gaseous envelope. For pur- 
poses of considering forced responses we will include a 
thermal excitation of the form 

J=J(e,p,t)e-213, (1) 

where O=colatitude, cp=longitude, t= time, x=z/H, H 
=RTo/g, R=gas constant, y=acceleration of gravity, 
To=basic temperature, and J=heating per unit time 
per unit mass. The particular vertical structure chosen 
for J is of no particular significance. It happens to  be the 
structure for excitation by insolation absorption by water 
vapor (Siebert [5]). The oscillations that exist when J=O 
are free oscillations; Rossby-Haurwitz waves are of this 
type- 

It proves convenient to  reduce the various equations 
for small oscillatory fields to a single equation for the 
following variable : 

p 
y=-,P, (2) 

where y=cp/co= 1.4, p,=basic surface pressure, w=dp/dt,  
and p=pressure. The equation for y is separable in its 
8, cp, t ,  and z (or x) dependence.’ y may be written 

1 See Siebert [5], for example, for a complete development of these equations. 
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SUMMARY 
The appropriate upper boundary condition (UBC) formulation for the dynamical equations used in 

atmospheric physics is discussed in terms of both theoretical and computational aspects. The previous work 
on the UBC formulation is reviewed in the context of a linear mid-latitude primitive equation (PE) model. A 
new technique for constructing the UBC is introduced. The technique depends upon the existence of analytic 
solutions to simplifications to the equations of motion. These analytic solutions are used to construct the exact 
radiation UBCs (often used in tidal theory and studies of the upper atmosphere) which are non-local in time 
and space. Approximate UBCs, which are local in time, are formed through rational approximations to the 
exact radiation UBCs. The technique is demonstrated to be effective for both Rossby and gravity modes. The 
UBC is tested for computational problems initially in the linear PE model, and subsequently in a forced, 
damped nonlinear quasi-geostrophic model. 

1. INTRODUCTION 

The appropriate dynamic upper boundary condition for use in atmospheric physics 
has been of concern to researchers for many years. The concern arises primarily because 
the atmosphere is unbounded in the vertical. Application of a boundary condition for 
modelling purposes either requires specifying the boundary condition at a singularity in 
the differential system, or truncating the domain. Both techniques have been used in 
atmospheric modelling, and each has advantages and disadvantages. This paper has two 
aims: 
(i) A review of the previous work on upper boundary conditions (UBCs) used in 

modelling the larger atmospheric-scale disturbances, with the aim of providing a 
coherent picture of their possible impact. 

(ii) Thc introduction of a technique for deriving boundary conditions for Rossby and 
gravity waves, which are approximations to the classical ‘radiation’ boundary 
conditions, and have the advantage of being ‘local’ in time. 
The development proceeds in the context of a simple baroclinic primitive equation 

model linearized about a motionless, isothermal basic state, and valid for a mid-latitude 
/3 plane. The closed form solutions of the equations so often used in the study of 
atmospheric tides and planetary-scale motions provide the vehicle for the discussion. 

The equations and their solutions are reviewed briefly in section 2. Section 3 provides 
a review of the various UBCs which have been used to date, and interprets them in the 
light of the model. Section 4 elaborates on the classic radiation boundary condition. In 
section 5 we develop an absorbing boundary condition which is local in time and in 
the vertical coordinate (although global in the horizontal coordinates). The boundary 
condition allows most wave energy to pass through it. The UBC is tested in a simple 
linear model in section 6. A more complicated model which includes forcing, dissipation 
and the nonlinearities due to advection is used to examine the importance of the UBC 
in a more realistic setting. Some of the limitations of the technique are discussed in 
section 7. The important points are summarized in section 8. 
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ABSTRACT

Although atmospheric tides driven by solar heating are readily detectable at the earth’s surface as variations
in air pressure, their simulations in current coupled global climate models have not been fully examined. This
work examines near-surface-pressure tides in climate models that contributed to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change (IPCC); it compares them with tides both from
observations and from the Whole Atmosphere Community Climate Model (WACCM), which extends from
the earth’s surface to the thermosphere. Surprising consistency is found among observations and all model
simulations, despite variation of the altitudes of model upper boundaries from 32 to 76 km in the IPCC
models and at 135 km for WACCM. These results are consistent with previous suggestions that placing
a model’s upper boundary at low altitude leads to partly compensating errors—such as reducing the forcing of
the tides by ozone heating, but also introducing spurious waves at the upper boundary, which propagate to the
surface.

1. Introduction

Atmospheric tides are important features of middle-
and upper-atmosphere structure and circulation. At the
surface, the tides are significant parts of the day–night
variations in both climate observations and simulations
(Dai and Trenberth 2004; Woolnough et al. 2004). In
the tropics—and in midlatitudes after baroclinic waves
are removed from consideration—the primary observed
day-to-night variation of surface pressure is a semi-
diurnal (twice a day) cycle despite the obvious diurnal
(once a day) cycle of surface temperature. Resolution of
this apparent paradox invokes the fact that atmospheric

tides are mainly excited above the surface. Thus, wave
propagation from the altitudes of tidal excitation down to
the surface must be considered in evaluation of surface-
pressure variations (Chapman and Lindzen 1970; Hagan
et al. 2004).

Solar heating is the primary driver of atmospheric tides.
Gravitationally driven atmospheric tides, analogous to
ocean tides, are about 20 times weaker than thermally
driven atmospheric tides (e.g., Fig. 2L.6 in Chapman and
Lindzen 1970). The gravitational tides are distinguish-
able from thermal tides because they are primarily driven
by the moon and thus appear in harmonics of a lunar
day, ;24.8 h. If solar heating is decomposed into Fourier
components exp[i(sl 1 sVt)], where l is longitude, s is
zonal wavenumber, t is time, V 5 2p/(24 h), and s is
normalized frequency, then both diurnal (s 5 s 5 1) and
semidiurnal (s 5 s 5 2) components migrating with the
apparent motion of the sun across the sky are significant.
Linear responses to these components of solar hearing
are often referred to as ‘‘migrating tides.’’

* The National Center for Atmospheric Research is sponsored
by the National Science Foundation.

Corresponding author address: Curt Covey, LLNL Mail Code
L-103, 7000 East Avenue, Livermore, CA 94550.
E-mail: covey1@llnl.gov

MARCH 2011 C O V E Y E T A L . 495

DOI: 10.1175/2010JAS3560.1

! 2011 American Meteorological Society



Φ'(#, z) = Θ(#) G(z) ez ' 2H

Ver-cal(Structure(Equa-on:(
(
(
(

Unforced(atmospheric(waves(on(a(sphere:(
Classical(equa-ons(of(mo-on(.(.(.*(

“Primi-ve(Equa-ons”(

PDE(in(pertuba-on(geopoten-al(height(
(a(func-on(of(la-tude(�(and(al-tude(z)(

Laplace(Tidal(Equa-on(
for(Θ(�)(([solve(later](

Separate(variables:(

Linearize(around(an(isothermal(background(state:(
constant(scale(height(H,(longitude(wavenumber(s.(

d2 G
d z2 =  #H 

2G

*(See(Chapman(&(Lindzen((1970)(Atmospheric%Tides:%Thermal%and%Gravita@onal,%or(
((((((((((((Forbes((1995)(“Tides(and(Planetary(Waves”(in(The%Upper%Mesosphere%and%Lower%
%%%%%%%%%%%%Thermosphere:%A%Review%of%Experiment%and%Theory,%etc.(
(



.(.(.(with(a(nonMclassical(boundary(condi-on*(
•  At(the(surface(w(=(0(as(usual,(but(now(the(model(has(a(top(at(z(=(xT%H(where(dp/dt(=(0.(
•  Eigenvalue(problem(has(one(realis-c(solu-on(+(an(infinite(number(of(unrealis-c(solu-ons(

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0

5

10

15

20

μ or Im(μ)

x T
≡
z t
op
/H

Roots of �4 μ2 + 2 κ - 1� sinh(μ xT) + 4 μ κ cosh(μ xT)� 0

Transcendental(equa-on(relates(
ver-cal(wavenumber(μ%to(xT(:%%
•  Real(μ(!evanescent(waves(
•  Imaginary(μ(!standing(waves(

Solar(hea-ng(forces(-dal(modes.(

(top(at(p%=(10(mbar)(

(top(at(p%=(200(mbar)(

Θs
n=(Θ2

2( Θ2
4( Θ2

6( Θ1
1(

Spurious(resonances(of(-des(can(occur(
in(numerical(models((Lindzen(et(al.,(
Monthly%Weather%Review(1968).(

Ver-cal(Wavenumber((((((((((((((((((((((((

Resonant(amplifica2on(of(semidiurnal(
-de(seemed(plausible(.(.(.(un-l(the(real(
temperature(profile(of(the(middle(
atmosphere(was(discovered.(

*(See(Covey((2015)(LLNL(Technical(Report(#678645:(
(((((hkps://eMreportsMext.llnl.gov/pdf/802140.pdf((



Upper(b.c.’s(in(modern(GCMs(not(well(documented(

“Sponge(layer”(means(adding(strong(diffusion(to(the(
equa-ons(of(mo-on.(It’s(not(a(boundary(condi-on!((

“Radia-on(condi-on”(means(choosing(the(sign(of(
exp(±(i%ω%t)(to(impose(upward(energy(propaga-on–(
nonlocal(in(-me(and(very(difficult(to(apply(in(a(GCM(
dynamical(core.(Do(these(entries(actually(refer(to(
subMgridscale(gravity(waves?(((


