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Abstract—We report on the application of a newly developed spectral code to the study of the middlefupper
atmosphere. The spectral approach offers conceptual and practical convenience for analyzing the generation
and intetaction of different components of atmospheric activity through the decomposition of the dynami-
cal fields into components with different zonal wave numbers (m). As examples and tests, we obtain
solutions for the m = 0 (the mean circulation) and 1 (the diurnal tides) components separately (no mutual
‘interactions), as well as the m = 1 component under the influence of the mean circulation. By simulating
gravity wave effects with Rayleigh friction and eddy diffusion peaking near 90 km altitude, the mean
circulation thus generated can reproduce the observed mesospheric temperature anomaly under solstice
conditions. The computed diurnal tides are in good agreement with results obtained earlier by other
‘authors. The large temperature gradient (associated with the m = 0 component) set up by the mesospheric
temperature anomaly under solstice conditions creates a condition favorable for the development of
baroclinic instabilities in the mesopause layer, especially near the summer pole. In our time dependent
calculation, waves with approximately 4-day period are generated in the m = 1 component supenmposmg

with the 1-day period tides.

1. INTRODUCTION

With the rising interest in the Earth’s climate, the
influential roles of the middle and upper atmosphere
(MUA ;- altitude range of interest 20-200km) have
attracted increasing attention. Relative to the lower
atmosphere, this part of the Earth’s atmosphere con-
tains little material. Since only 5% of the atmospheric
mass lies above 20km, external perturbations can
induce large responses in this region. Such per-
turbations can be due to the variation of the solar
radiative forcing, upward propagating waves from the
Jlower atmosphere, auroral particle precipitation from
the magnetosphere, or anthropogenically created
chemical changes. This is a region where signals of
atmosphmic changes are more readily detected than
in the lower atmosphere.

Because this upper region of the atmos;;herc is $0
tenuous, it is often believed that its perturbations can-
not propagate downward to the lower atmosphere
with significant effects. However, such an argument
can only be applied to energy conserving interactions.
The upper atmosphere, on the other hand, can act as
a control valve between the Sun, the true energy
source, and the lower atmosphere and thus exert its
influence with leverage. Another way to view this
influence is to consider the lower atmosphere as a
dynamical system with upper boundary conditions
controlled by the MUA. It is conceivable that the state

of the dynamical system can be quite sensitive to these
boundary conditions.

The MUA region referred to here is roughly defined
to be between 20 and 200 km altitude. The middle
atmosphere includes the upper stratosphere (20—
50km altitude) and the mesosphere (50-90km alti-
tude). The primary energy source of this region is the
solar UV radiation absorbed by ozone, through which
a multitude of phenomena (e.g. global circulation,
tides) is induced. Most of these dynamical phenomena
penetrate or propagate to the region directly above
the lower thermosphere (roughly limited to be the 90—
200 km altitude region) whose energetics is primarily
controlled by the solar EUV radiation and magneto-
spheric sources. Transport of latent energy in the
lower thermosphere contributes to the energy balance
of the circulation that traverses the 90 km altitude
boundary (KeLLoG, 1961). The dynamics of the
middle atmosphere and the lower thermosphere is
therefore tightly coupled. -

The lower atmosphere, in which Water vapor plays
a dominant role, has been an area of intense research
for a long time due to its direct relevance to weather
and climate near the Earth surface. Elaborate general
circulation models (GCMs) have been constructed to
study this lower region in much detail (see reviews
by HALTINER and WiLLiams, 1980; SmvMons and
BENGTSSON, 1988; ARAKAWA, 1988). Similarly,
GCMs for the thermosphere have been developed
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(FULLER-ROWELL and REes, 1980 ; DICKINSON et al.,
1984; RoBLE and RipLey, 1987 [TGCM]). Simu-
lations of the middle atmospheric region have been

carried out (e.g. MATSUNO, 1982; Garcia and SoLo-

MON, 1985; AKMAEV ef al, 1992). So far, however,
there is a lack of models that describe the coupled
middle and upper atmosphere (although an effort in
extending the NCAR TGCM to include the meso-
sphere has been initiated). ‘

While GCMs are comprehensive in the inclusion of
input physics and parameterizations, they are com-
putationally expensive and inconvenient for per-
forming parametric studies. However, such studies

are essential for analyzing the cause and effects of the.
different processes and for developing understanding -

of the complex dynamical system. Qur objective is to
develop a versatile model which allows us to study the
interplay of the dynamical components (e.g. mean
circulation, planetary waves, gravity waves) and pro-
cesses (e.g. radiation, wave breaking, chemistry) in
the MUA region. Other parts of the atmosphere also
influence this region, and at present, we treat such
influences as boundary conditions. The present paper
provides a progress report on our effort in the devel-
opment of such a model.

Responding to the temporally and spatially varying
external energy and momentum sources, a variety of
atmospheric phenomena is generated in the MUA
region. In the order of decreasing spatial and temporal
scales (which are positively correlated), the major
components of atmospheric activities can be cate-
gorized as: global circulation (zonally averaged;
annual and semi-annual variations), planetary waves
(zonal wave number <6; period one day to one
month) ; thermal tides (zonal wave numbers = 1, 2
or 3 for diurnal, semi-diurnal, and ter-diurnal tides,
respectively) ; acoustic/gravity waves (horizontal
wavelength of a few km to a few thousand km ; periods
from a few minutes to a few hours) ; and three-dimen-
sional turbulence (spatial scale < a few km ; temporal
scale <a few minutes). The dynamical system is
extremely complex, as each of these components can
interact with the others.

Our long term goal is to understand the generation
and propagation of these components and to sort out
their mutual interactions. Our strategy is to work
with a family of complementary models that have a
common root, each of which can be tailored to
describe a specific phenomenon. The common root
ensures that, if needed, some or all-of these models can
be consistently reassembled for more comprehensive
simulations. We choose the ‘root’ of this family to be a
newly developed three-dimensional, non-hydrostatic,
non-linear, time-dependent, semi-implicit, transform
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spectral code that has few limitations so that, in pring ¢

ciple, it can describe many of the phenomena

_observed. Besides having the well-known advantage

of being more efficient in low and moderate resol-
utions, the spectral approach also offers the very
important convenience of naturally decomposing the
variable fields into separate zonal components. This
decomposition makes it very easy to study the
behavior of individual components of atmospheric
motions and to analyze their interactions. For exam-
ple, the interaction between the mean circulation and
the diurnal tide is described by the non-linear coupling

“of the m = 0 and 1 components where m is the zonal

wave number (see the later discussion).

It is fairly straightforward to generate specialized
versions of this code and this convenience has been
exploited for studying the mean circulation under
widely different conditions. An axisymmetric version
of the code has been applied to compute the spin-up
of the Venusian atmosphere and gave reasonable
results (CHAN and MAYR, 1990). Furthermore, a
linear axisymmetric, fully coupled (Coriolis terms
included in the Jacobian matrix ; see Section 2) version
of the code has been applied to study and reproduce
the observed internal angular velocity distribution in
the Sun (CraN and MavYr, 1991).

In this paper, we describe the initial application of
this modeling approach to a study of the MUA region.
First, several versions (using different solution tech-
niques) of the original spectral code are generated
to provide solutions describing separately the mean
circulation and the diurnal tide. The properties of
the solutions are explored under different physical
conditions. Then, the behavior of the diurnal tide
under the influence of the mean circulation is studied
with a code that couples the two components. At this

‘'stage, we are primarily interested in understanding the

performance of the codes/models and their numer-
ical/parametric properties,. We have not tried to
implement the most advanced input para-
meterizations for the various processes (e.g. radiative
exchange, -wave momentum deposition). Such
improvements are left for later studies.

In Section 2, we provide a description of our spec-
tral model. In Section 3, results are presented for the
zonally averaged circulation. In Section 4, we present
results for the thermally driven diurnal tides. We con-
clude with a short summary in Section 5.

2. THE NUMERICAL MODEL

The objective of our numerical model is to provide
an efficient, dynamically rigorous analytical tool for
studying the MUA region. A rigorous formulation of
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the equations of motion allows for a flexible, con-
sistent application of the numerical model, which is
important because a wide variety of phenomena
occurs in the MUA region. Efficiency is an important
aspect of our approach because we are interested in
the roles of the individual processes and the cause—
effect relationships. It is necessary to obtain a large
number of solutions for different parameters and con-
ditions with affordable computing resources.

Details concerning the formulation, numerical
implementation and testing of our model have been
given in another paper (CHAN et al., 1993). Here we
provide a general outline which emphasizes the salient
features and describe some specific modifications used
for the present applications.

Our model uses a combination of the transform
spectral (horizontal direction) and finite-difference
(vertical direction) approaches to solve the equations
of motion in spherical coordinates (r, 8, ¢). Its prog-
nostic variables are the density p, pressure p, vertical
mass flux M,, and the divergence é (=Vy* My) and
curl { (=Vy x M) of the horizontal mass flux M.
The prognostic equations are derived from the Navier
Stokes equations for a compressible fluid. Neither the
hydrostatic nor the anelastic approximations (used to
filter sound waves; see OGURA and CHARNEY, 1962 ;
OGURA and PHILLIPS, 1962) are invoked. A ‘stratified’
approximation, however, is introduced which makes
the following simplifications: (1) in the momentum
equations, the horizontal variation of density is
ignored in the non-linear advection terms; (ii) in the
energy equation; terms containing products of two or
more of the horizontal variations (perturbations from
the mean) of the thermodynamical variables are
ignored. This approximation serves several purposes:
(i) it reduces the non-linearity of all terms to quadratic
so that alias-free spectral transforms can be performed
easily (MACHENHAUER, 1979) ; (ii) the conservation of
total angular momentum is enforced both formally
and numerically (due to alias-free transformations);
(iii) the advection terms can be expressed in simple
forms similar to those derived for spectral GCM
models (e.g. BOURKE, 1974 ; WILLIAMSON, 1983).

The equations are:

0p=—9,M, -4 1)
oM, = —8,p—pg+C,+D,+N, (2
0,0 = —Vap+Cs+D; +N; (3)
8, = Co+ D+, @)
0. = —D,(PYM,IPY) -
— (> =1){p>D,(M,[{p>) =T H{p)d/p
+D,+N,+V, e, (5
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where d, and 4, are the partial derivatives with respect
to ¢ and r, respectively; &, = r ~29,r?; g is the mag-
nitude of the gravitational acceleration ; V? is the hori-
zontal Laplacian operator; I is the adiabatic expon-
ent defined by (dInp/dinp),y; V., = (dInT/dInp),,
is the adiabatic temperature gradient ; ¢ is the heating
rate per unit volume. The brackets { > denote the
horizontal average. The symbol C represents the
Coriolis terms:

- C,=2QoM, (6)
™
Co = —2Q0—r~ (6 My—0d,M,—2¢M,)] (8)

Cs = 201 —r~ " (M +0,M))]

where Q is the angular velocity, and ¢ and ¢ stand for
sin § and cos 0, respectively. The symbol D represents
the dissipative terms:

D, = 2r=20,(ur0,V,) + uu ViV,
+.|uraraV_2.|uHr_ : (5V+2r_.l Vr)

+0,[A(2,V,+6,)]1 9)

Djs = r=*0,[r* (10,6, + pu Vi V)]
o + 20 (r = 'V V, + Vs, +r726))
+A[r=*0,(r*VAV,) + V&6, (10)

D, = r=40,(r 0,00 + (VAL +2r=%y) (11)

D, =V, olr~20,r*(k,,0.p+k,.0,p)
| e, Vap+k,uVip] (12)

where 6, =V, Vy (=§/{p>) and {,=VyxVy
(={/{p)). The radial and horizontal viscosities, u,
and uy, are allowed to be different. 4 is the second
coefficient of viscosity. The energy flux is modeled as
the negative gradient of the temperature which is a
function of p and p; the radial and horizontal con-
ductivities (k) are again allowed to be different. In
the derivation of equations (9)—(12), the horizontal
variations of the viscosities and conductivities are
neglected (but can be included as additions to the
non-linear terms as discussed later). In the present
formulation, the dissipative terms are linear in the
prognostic variables and can then be treated
implicitly. Implicit treatment of these terms is impor-
tant for the thermosphere where the molecular diffus-
ivity is large and quite uniform. Otherwise, the
numerical stability condition associated with the
explicit treatment of the diffusion terms would impose
a very severe time step restriction on the integration
of equations (1)—(5) (time step <1s).

'Finally, the symbol N represents the non-linear
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terms:
N, = —2,(M,V,) =V (M,V) +r~ My Vy
Ns = —r~0,[r*Vyu (M, Vy)] + Vu(lVy)
—Vu  (OVy) —Va(MuVy)/2 (14)

(13)

N, = —r 7%, [r*Vy x (M, V)]
—Vu ({Vy) —=Vu x (0Vy) (15)
N,==V-(pV)=(KI>-1p'V-V
+V - (2P’ VKp)) + (I =DV (p'V/{p))
— (> =D{p>V-V  (16)

where V is approximated by M/{p>. The superscript
 denotes horizontal variations.

The linear terms preceding the C terms in equations
(1)—(5) contain the description of acoustic and gravity
waves, and for convenience, we shall identify them
with W. In the present formulation, all of the linear
terms that appear in the original set of the Navier
Stokes equations remain intact; therefore all the
waves generated by these terms (including Rossby
waves) can be described exactly.

Simplifying the notation, we use u to represent the
set of prognostic variables. The dynamical equations
can then be written in the following compact form:

du=(W+D+Cu+Nul+Q (17
where Q represents an external driver which includes
the periodic solar radiative forcing. The spectral
approach employs a finite series expansion of u in
spherical harmonics ;

u(r, 0, ¢) = Y ui(r) Y7 (6, ¢). (18)
The variables M, and M, used in equations 13-16 can
be obtained by:

(M) = r{—cln,m)oy_ +c(n+1,m)o5, |
+imn(n+ 1)1} (19)

(M) = r{—ct,m){7_ +c(n+1, M7y,
—im[n(n+ 117167} (20)

where c(n, m) =n"'[(n*—m?*)/(4n*—1)]"Y%. These
diagnostic variables, together with all the prognostic
variables, are transformed to physical space for the
evaluation of N. .

Since the spherical harmonic functions Y7’ are the
eigenfunctions of W and D, a semi-implicit numerical
treatment of equation (17) is possible, such that a
time discretized approximation of this equation can be
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written as
(1-pAL(W+ D)) ("' —uf)
= At{(W+ D+ C)u? + N[uf] +0@9}  (21)

where the upper index ¢ denotes the time level ; At is
the time step; and B is a factor that determines the
implicitness of the scheme. When = 0, the time step-
ping algorithm corresponds to the explicit Euler
scheme. When 8 > 0.5, the scheme is stable even when
the time steps are larger than those imposed by the
Courant conditions associated with the gravity and
acoustic waves (which would limit Az to less than a
few seconds in our application). The Jacobian matrix
[1 —BAL(W + D)] does not couple the different spheri-
cal harmonic components (since Y7 are eigen-
functions); it only couples variables of neighboring
altitude levels. Therefore the matrix has a narrow
block-tri-diagonal structure and can be inverted in
a straightforward manner (LAPIDUS and SEINFELD,
1971). The large time steps and fast inversions are the
reasons why the solution of equation (21) is com-
putationally efficient, although most of the computer
time is used in computing the non-linear terms N
which require forward and backward transformations
between the spectral and physical spaces.

. The Coriolis terms C are not included in the implicit
treatment of equation (21) because they couple spheri-
cal harmonics with neighboring degrees (n+1). Their
inclusion would enlarge the tri-diagonal blocks of the
Jacobian matrix by a large factor and drastically
increase the computer time for inverting the matrix.
For some applications, however, an implicit treatment
of the Coriolis terms is desirable. In the linear study
of a thermal tide, the longitudinal variation can be
described by ¢™* and the temporal variation by e
where m is the zonal wave number (=1, 2 for diurnal
and semi-diurnal tides, respectively), ¢ is the longi-
tude, and @ = 2rn day~'. Replacing u by u,,e™ in
equation (17) and neglecting the non-linearities, one
obtains

[imo—(W+D+C)lu,, = Q,, 22)

where Q,, is the complex amplitude of the thermal
heat source. In this case, the solution is obtained by
inverting the Jacobian matrix only once, which can be
more efficient than marching in time, By taking m = 0,
this method allows us also to compute the zonally
averaged circulation generated linearly by a mean heat
source. In the next two sections, we use this method
to compute the mean circulation and the diurnal tide
(without background winds). For comparison, the
mean circulation is also computed by the time
marching scheme [equation (21)] with and without

———
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the non-linear terms. The influence of the mean
circulation on the diurnal tides is then studied.
Contrasting these different solutions car illustrate the
relative importance of different processes.

3. MEAN CIRCULATION |

The mean. (zonally averaged) global circulation
generally takes on the form of meridional cells with
differentially heated fluid rising. The pattern of this
circulation changes with annual and semi-annual
cycles and is affected by internal energy and momen-
tum sources due to tides and waves. In the
mesosphere, zonal winds are generated more or less
according to geostrophic balance; and the amplitude

“in the annual variation has a peak of about 70 m/s
near 45° latitude and 60km altitude. In the ther-
mosphere, the zonal winds become ageostrophic due
to the large molecular viscosity and ion drag.

The global circulation dramatically influences the
energy balance and temperature distribution of the
MUA. An important effect is seen in the ‘mesospheric
temperature anomaly’
(~90km) where the polar temperature in summer

at the mesopause level

Salstice Daily Mean Heating (deg K/day )
T
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is 80K lower than that in winter, contrary to the
expectation based purely on solar radiative heating.
The energy budget for this temperature anomaly is
balanced by a diabatic circulation (MURGATROYD and
Goopy, 1958; DUNKERTON, 1978). It is generally
believed that the momentum balance of this cir-
culation is maintained by breaking gravity waves from
the lower atmosphere (LiNDzEN, 1981; HOLTON,
1982 ; CHAo and SCHOEBERL, 1984 ; SCHOEBERL, 1988).

A great deal of work has been done to model the
mean circulation of the stratosphere and mesosphere.
To account for the generation of the mesospheric
temperature anomaly, the effects of gravity wave
breaking and wave mean-flow interaction have been
considered (e.g. MATSUNO, 1982 ; GARCIA and SOLO-
MON, 1985) or parameterized in terms of eddy
diffusion and Rayleigh friction (e.g. HOLTON and
WEHRBEIN, 1980; GarcIA and SoLoMON, 1983). The
calculations we perform are not intended for extend-
ing the results of previous studies. We are mainly
interested in knowing to what extent our simplified
spectral model can reproduce these results.

For the purpose of this study, a two-dimensional
spectral model is derived by restricting the harmonic

o T

10

100 -8

Altitude (km)

20 | 1

et 16— —— 1 51

2/ ]

-390 -60 -30

Summer

Latitude

0 30 60 90
Winter

Fig. 1. Distribution of the heat source used in computing the zonally averaged circulation under perpetual
solstice conditions (southern summer). Note that the negative latitudes denote southern hemisphere.
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expansion to the zonal wave number 0. The globally
averaged temperature and density are taken as func-
tions of height and treated as fixed background. The
background temperature asymptotically reaches
1000 K in the upper thermosphere, corresponding to
a medium solar activity condition. The circulation is
considered as a perturbation of the background. Qur
focus is on the mesospheric temperature anomaly gen-
erated under solstice conditions. Since the important
time constants are generally shorter than a season, we
assume perpetual solstice. The circulation is primarily
driven in the upper stratosphere and mesosphere.
However, the altitude domain of our model is from
the surface to 600 km, allowing for sponge layers
that reduce the artificial constraints from boundary
conditions. At the surface, the vertical and horizontal
winds are set to zero; at the top, the vertical gradients
of temperature and horizontal winds are taken to
be zero, due to the large molecular conductivity and
viscosity in the upper thermosphere. Ten spherical
harmonics are included in the spectral expansion [# in
equation (18) < 10], and 226 vertical levels are used
(eight levels per scale height); they turn out to be
adequate for resolving the large-scale atmospheric
response to the differential solar heating.

KwiNG L. CHAN et al.

The heat source driving the circulation is obtained
from a formulation derived by STROBEL (1978) which
includes components associated with the O; and O,
absorption of the UV radiation. Above 75km, only
the net heating 1s included, assuming that the dis-
sociation energy is effectively removed through trans-
port. The O, distribution given by Strobel is slightly
modified by removing the small concentration peak
near 80km. In addition, the rates are modified by
applying a scaling factor chosen to bring the heating
at 50 km into agreement with the work of ROSENFIELD
et al. (1987). The latitudinal and vertical distribution
of the heating is shown in Fig. 1. Above 120 km, EUV
heating and: cooling due to O,, NO, and CO, are
included from the work of PEsSNELL (1993).

Following the earlier work of GARCIA and SOLOMON
(1983), we first-use eddy diffusion and Rayleigh fric-
tion rates that vary monotonically with altitude [Fig.
2(a), 2(b)]. The eddy diffusion coefficient is assumed
to vary inversely with the square root of density and
is limited by a value of 3 x 10°. The turbulent Prandtl
number is taken to be 3. Radiative loss is para-
meterized in the form of Newtonian cooling, with
a distribution [see Fig. 2(c)] based on the work
of DickiNsoN (1973) and WEHRBEIN and LEOvy

120 TTTIT T TTTITEm T TTTIT 120 1 20 I [ i [
110} J 110 1101 1
1
100 100 100} 1
90t 1 90f 90t
£ 8o E 8o £ s8or
E E 3
£ 70f 2 70} = 70}
B = z
60 60 60+ 1
501 50+ 50 :
40 . 40 40t
30 L ‘J-lll]l[ 1 ‘!lJ_LLlE 1 L1118 ‘30 11 |'|k||‘| L4 1111 30 | l I |
1wt 10° 10 107 0.01 100 10.00  0.000.10 Q.20 0.30 0.40 0.50

eddy diffusion (cm++2/s)

Rayleigh frictian (/day)

Newtanian cooling (/day)

Fig. 2. Vertical distributions of (a) eddy diffusivity, (b) Rayleigh friction, and (c) Newtonian C(_)ol.ing for
computing the circulation as depicted in Figs 3 and 4. The eddy diffusivity and Rayleigh friction are
monotonic functions of altitude. '
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(1982). The molecular viscosity and conductivity are
computed by the empirical fits given by Banks and
KockArTS (1973).

The temperature, the zonal, meridional and vertical
velocities computed by equation (22) are presented in
Figs 3(a), (b) and 4(a), (b), respectively. They show
a close resemblance to the results obtained by GARrCIA
and SoLomoN (1983). The polar contrast associated
with the mesospheric temperature anomaly in the 80—
90 km region is only about 30 K. The zonal velocities
are zero at the equator, due to the lack of horizontal
advection, Coriolis force, and diffusion (relatively
small in our case) needed for acceleration (HIDE,
1969).

In a later model, Garcia and Soromon (1985)
accounted for the effects of gravity wave momentum
deposition and produced a larger temperature reversal
(anomaly). There is no guarantee that one could simu-
late the gravity wave processes with Rayleigh friction
and eddy diffusion, yet our numerical experiments
indicate that Rayleigh friction distributions that have
a hump near 90km, as shown in Fig. 5(b), are fav-
orable for producing a large temperature anomaly.

Temperature (K)

/| Ru— — 1
o[z o
-205
100 i 195- 1
T
e -
80 / _4

o

Altitude (km)
? \

,—.—'///
- 265 i
40 295 2397 1
30 j /_,’H/ |
i
200 L v | 1
-90-60-30 0 30 60 90
Summer Latitude Winter

linear Zongol Velocity (m/sec)
© 110 f \ T T
100 |
, ...... /\\
90F 7 e, m" _
.‘:': . ) P
80r g \% ]
3
= 70 4
o
o : ‘
2 BOF Y 2
= T
50t 2. ]
b L 7\ T
30r t\ _
ool 1 S e
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This is compatible with the distributions of wave
momentum deposition computed by gravity wave
breaking models (e.g. see HoLTON, 1982; GARCIA
and SoLoMoN, 1985). The computed temperature and
velocity fields obtained with parameterizations
described by Fig. 5 are presented in Figs 6 and 7. The
mesospheric temperature contrast now reaches 80 K,
much closer to that observed. This is caused by the
sharper meridional jet from the summer to winter
hemisphere and the stronger vertical flows at the
poles. Compared to observations, the zonal wind
amplitudes are slightly lower and the peaks locate at
higher altitudes. Improvements could be made by fine
tuning the distribution of the Rayleigh friction. How-
ever, that is probably not worth the effort since the
Rayleigh friction parameterization is not a faithful
representation of wave effects. At present, we are con-
tent with reproducing the major features qualitatively
and leave a detailed matching with observation to
later modeling efforts which implement more realistic
description of gravity wave breaking effects.

Up to this point, we have discussed only linear and
stationary solutions obtained from a direct matrix

-90-60-30 0 30 60 90

Summer LGtitL__l de Winter

Fig. 3. Distributions of (a) temperatures and (b) zonal velocity of the mean circulation, computefi with
the parameterizations shown in Fig. 2. The polar temperature differential in the mesopause region is only
30K.
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Meridional Velocity (m/sec) linear

Vertical Velocity
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Fig. 4. Distributions of (a) meridional velocity and (b) vertical velocity of the mean circulation, computed

with the parameterizations shown in Fig. 2.
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eddy diffusion (cm**2/s)

Rayleigh friction (/day)

Newtonian cooling (/day)

Fig. 5. Vertical distributions of (a) eddy diffusivity, (b) Rayleigh friction, and (c) Newtonian cooling for

computing the circulation as depicted in Figs 6 and 7. The eddy diffusivity and Rayleigh friction are

characterized by humps near 90 km to mimic the steep deposition of momentum and generation of
turbulence due to gravity wave breaking.
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inversion according to equation (22). If we want to
include non-linearities (though still axisymmetric), we
need to solve equation (21). With the para-
meterizations specified in Fig. 5, we integrate equation
(21) in time both with and without the non-linear
terms N. The time-dependent solutions converge to
stationary states in about 30 days. While the numeri-
cal procedures associated with equations (21) and
(22) differ significantly, the results without the non-
linearity are essentially identical to those obtained
earlier, thus adding confidence in the integrity of the
computer codes. :

The non-linear results show some interesting
differences. They are presented in Figs 8 and 9. First,
one sees that the zero line of the zonal velocity is
pushed by the non-linear advection to bend away
from the equator, angular momentum being delivered
across the equator. Second, the temperature contrasts
between summer and winter are slightly reduced due
to the non-linear redistribution of energy. This is bet-
ter illustrated in Fig. 10 which shows the temperature

gradients at the poles for the different models: (i)

Kwing L. CHAN ef al.

linear, with solid line for summer pole, dot—dashed
line for winter pole; and (i) non-linear, with long
dashed line for summer pole, short dashed line for
winter pole; the background temperature gradient is
shown by the dotted line. The relative shifts in the
positions of the maxima and minima are compatible
with the directions of the vertical winds. The non-
linearities produce smaller deviations from the back-
ground, but in general, the linear and non-linear
results are qualitatively similar.

In a Micro-Vax 3100-80 machine, the computer
times needed for finding converged solutions using
equation (21) (30 days, 1 h time step), with and with-
out the non-linear terms, are 70 and 25 min, respec-
tively. Only 8 min are required for a linear solution of
equation (22).

4. TIDES

Thermal tides are the subharmonic oscillations of
a solar day and are primarily excited by the diurnal
variation of the insolation absorption. The primary

o non-line _
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inclusion of non-linear terms. Parameterizations are the same as in Fig. 5. The magnitude of the temperature

anomaly at the mesopause is slightly reduced. A zero line of the zonal velocity that used to lie on the
equator is distorted by the horizontal advection.
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drivers of the diurnal and semi-diurnal tides are the
water vapor absorption of the solar near-IR radiation
below 15km and the ozone absorption of UV radi-
ation between 20 and 60km altitude. Tides can be
decomposed into trapped and propagating eigen-
modes identified as Hough modes (CHaPMAN and
LINDZzEN, 1970). When the propagating modes travel
upward, their amplitudes experience exponential
growth with height due to the decrease in the ambient
density, and they become the most prominent dynami-
cal feature of the upper mesosphere and thermos-
phere. When the propagating tides arrive at the lower
thermosphere, dissipation by molecular diffusion and
turbulence becomes important. The tides generated
above 150 km tend to be evanescent due to the import-
ance of molecular viscosity and ion drag, and they are
predominantly driven by EUV absorption (see review
by VOLLAND, 1988).

Based on classical tidal theory, tides can be
described in terms of Hough modes which are eigen-
functions of the tidal equation. But that is only valid
under simplifying assumptions, mainly : no viscosity,

Kwimng L. CHAN ef al.

background winds, or horizontal temperature vari-
ations. Under more realistic conditions, multi-
dimensional numerical computation is required. For
this purpose, finite difference models have been
employed by FORBEs (1982), ViaL (1986), FESEN ef
al. (1986), MiyaHARA and WU (1989), and others.
Spectral models have been employed in different
forms, using spherical harmonics (e.g. MAYR and
Harris, 1978) or Hough modes (e.g. WALTERSCHEID
and VENKATESWARAN, 1979),

An important test of the numerical model is to
demonstrate that, under the simplifying assumptions
mentioned above, our model can reproduce the results
of classical tidal theory. Minimizing the dissipation
associated with eddy diffusion and eliminating the
Rayleigh friction as well as the vertical component
of the Coriolis force, the results for a propagating
tide excited with an S} source in the water vapor
layer near the surface are shown in Fig. 11. (A very
small kinematic viscosity in the background,-
v =3x 10%cm?s™, is needed to provide pivoting for
inverting the matrix associated with equation (22).
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Fig. 11. A propagating tide excited with only the S| source in the water vapor layer near the surface. The
squares, stars, triangles and crosses are for quantities at 60, 41, 16, and 3° latitude, respectively (the same
hereafter). (a) Amplitudes; (b) phases.
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The errors thus introduced are about 0.25% in ampli-
tude and 4s in phase.) The amplitudes and phases of
the zonal velocity at 3, 16, 41 and 60° latitudes are
plotted vs. altitude. The phase propagation reveals a
vertical wavelength of about 35km. Up to 100km,
while the amplitudes grow exponentially, their ratios
for different latitudes remain constant and the phases
coincide, showing that the horizontal structure of the
solution remains the same, that of the Hough
function. This demonstrates that only the S} mode is
excited, as expected from classical tidal theory, and
that the effects of the background viscosity are indeed
negligible. At higher altitudes, however, molecular
diffusion and ion drag become important, thus excit-
ing other modes as seen from the phase digression
and the changing amplitude ratios. At altitudes above
200 km, dissipation becomes so important that the
tide becomes evanescent. The number of spherical
harmonics used here is 10, and the vertical resolution
is 8 levels per pressure scale height. Comparing the
results to those with higher resolutions (up to 16
spherical harmonics, 12 levels per scale height), we

1411

find that the truncation errors are less than 5% in
amplitude and half an hour in phase.

A similar analysis is also carried out for an S',
source in the water vapor layer. As shown in Fig. 12,
a single trapped mode is excited in the lower atmos-
phere ; the amplitude ratios and phases remain locked
up to 40 km. Above this altitude, effects of mode mix-
ing due to the non-zero dissipation (though small)
become apparent. As indicated by the phase
progression, propagating modes are excited and turn
dominant at higher altitudes. The asymptotic ampli-
tudes in the upper thermosphere increase with higher
background viscosity. Fortunately, the amplitudes of
these extraneous modes are small compared to those
of the S{ mode excited by the thermal forcing (see
Fig. 11).

In classical tidal theory, the contributions from the
vertical velocity to the Coriolis force and the vertical
component of the Coriolis force are neglected. When
we include these in the model, mode mixing is notice-
ably enhanced in the 8 , calculation. As shown in Fig.
13, the mixed modes are excited with larger amplitude,
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Fig. 12. A trapped mode excited with oﬁly the S!, source in the water vapor layer near the sur_faoe. The
vertical component of the Coriolis force as well as the contributions from the vertical velocity to the
_ Coriolis force are neglected. (a) Amplitudes; (b) phases.
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Fig. 13. The trapped mode excited the same way as for Fig. 12, but all the Coriolis terms are included in
the calculation. (a) Amplitudes ; (b) phases. Note that the ‘residual’ amplitudes excited in the thermosphere
are larger than those of Fig. 2. °

and the asymptotic amplitudes in the upper thermo-
sphere are about 2.5 times larger than those of Fig.
12. Even so, they are still negligible.

Applying our model to a more realistic situation,
we compute the diurnal component of thermal tides
under equinox conditions, but without the consider-
ation of background winds. The driver includes excita-
tion by heat absorption in the water vapor layer near
the surface and in the ozone layer at 50 km (FORBES
and GARRETT, 1976), as well as EUV heating in the
lower thermosphere. Using the matrix inversion
technique described by equation (22), the solution is
computed by solving simultaneously for 10 spherical
harmonics. In the formulation described by equation
(22), all the coefficients of the matrix on the left-hand
side have to be latitude-independent. For this reason,
we treat the ion drag in a way similar to the Rayleigh
friction ; the drag coefficient is approximated by an
‘averaged’ value independent of latitude (though
dependent on altitude). This introduces errors in the
relative amplitudes and phases in the tidal winds at
higher altitudes, but only above 120 km. The lati-

tudinal dependence of the ion drag as well as those of
other processes can be taken care of in real space
through the N operator in equation (21), but that is
postponed to a later simulation.

Figure 14 shows the computed zonal winds associ-
ated with the diurnal tide. The same parameterizations
for the eddy diffusion and Newtonian cooling are
used as for the calculation of the zonally averaged
circulation [Fig. 5(a),(c)]. However, no Rayleigh fric-
tion is included here as the effects of gravity wave
breaking on tides are considerably complicated by
the tidal winds (WALTERSCHEID, 1981; FrITTS and
VINCENT, 1987). Qualitatively, our results are similar
to those obtained by other workers in the field (e.g.
ForBES, 1982 ; VIAL, 1986 ; TEITELBAUM et al., 1989;
MrvaHARA and Wu, 1989). In particular, the phase
progression shows very good agreement with that
obtained by Forses (1982). The magnitude of the
zonal wind at 90 km, where observations concentrate,
is around 35 m s™!, very close to those obtained
recently by ViaL (1986) and ForBes and HAGAN
(1988).
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Fig. 14. Diurnal component of thermal tides under equinox conditions, without the consideration of
background winds. (a) Amplitudes ; (b) phases.

It is also possible to obtain the tidal solution by
integrating equation (21) in time. However, to
expedite convergence, it is necessary to implement a
‘Rayleigh friction’ type damping in the momentum
equations. For a damping rate of 0.03 day™', the
convergence can be achieved in about 30 days. The
results are shown in Fig. 15. The differences between
Fig. 14 and Fig. 15 are about 20% in amplitude and
1/2h in phase. Better agreement can be obtained by
reducing the artificial damping successively.

Background winds and temperature variations can
affect the propagation of tides and induce coupling
between different Hough modes (WALTERSCHEID and
VENKATESWARAN, 1979). The background winds
introduce extra advection terms and temperature vari-
ations introduce extra temperature gradient terms in
the tidal equations. Many authors (e.g. FORBES, 1982 ;
VIAL, 1986) solve the system of equations by finite
difference approximations, with winds limited to the
zonal component. In our present approach, the mean
circulation (including the zonal mean component of
temperature perturbation) acts on the diurnal tides

through the interaction term & in equation (21) which
can be specialized for the m = 1 case as:

[1—BAL(W+ D)) (' —us)
= A{(W+D+C)ul + N, [uh,uf] +Q, (1)} (23)

(the subscript denotes the zonal wave number). We
can include the effects of all components of back-
ground winds and temperature gradients. This is re-
alized through calculating each of the dynamical vari-
ables in equations (13)-(16) with two components:
(1) the fixed m = 0 component taken from the solution
for the mean circulation obtained previously (Figs 8
and 9), and (ii) the m = 1 component that changes
with time. Since the non-linearity is quadratic and the
transforms are alias-free, the self-interaction of the
m = 1 components (creating m = 0, 2 components) is
automatically filtered out. Only products of the form
uou, contribute to the right hand side of equation
(21). In spectral space, N, is in fact a linear function
of u;. '

The spectral transforms required for marching
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equation (23) in time consume a considerable amount
of computer time (for 10 spherical harmonics, 226

vertical levels and 15 min time steps, it typically -

requires 8 Micro-Vax hours to complete a 30 day
run). However, the time-marching introduces extra
flexibility to the system and makes it possible to study
transient phenomena associated with the variability
of the tides. In our study, a baroclinic type instability
is discovered near the summer pole of the mesopause
region. This is due to the existence of a very large
horizontal temperature gradient created by the meso-
spheric temperature anomaly. Time series of the zonal
winds under solstice condition (southern summer) are
plotted for the latitudes 85°S, 60°S, 41°S, and 16°S (at
85km altitude and longitude 0) in Fig. 16. Starting
with zero amplitude at day 0, the diurnal tide is already
well developed at day 20, but at the higher latitudes,
the winds show extra four-day oscillations with grow-
ing amplitudes. The e-folding time for the growth of
this oscillation is about 10 days. The horizontal pat-
tern of this growing mode is a two-cell vortical struc-
ture around the summer pole and the vertical wave-
length of this structure is about 33 km. A contour plot

of the m = 1 amplitude of the zonal wind at day 50 is
shown in Fig. 17. For comparison, Figs 18 and 19
present results without influence from the mean cir-
culation. Here, all the time series are periodic (1 day
period) and the amplitudes are stationary. The con-
tour plot shows no vortex in the south pole region.
Except for the south pole region, Figs 17 and 19 are
quite similar. '

The instability at this sammer pole can be controlled
by a locally enhanced diffusivity (~3 x 10°cm?s~ ! in
the region 75-95km altitude and 90-60°S latitude)
which would occur as stronger turbulence is gener-
ated. At later times (>two months), the winter pole
also shows a tendency to develop a baroclinic type
instability. However, since the solstice condition is not
truly perpetual, there may not be enough time for this
instability to develop. We plan to study this problem
by implementing a seasonally varying driver for the
tides. '

5. SUMMARY

We have deveibped a spectral model to study the
dynamics of the middle and upper atmosphere. Based
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Fig. 19. Distribution of the zonal wind amplitude for the tide of Fig. 18 at day 50.

on a three-dimensional spectral numerical model, we
derive ‘submodels’ which are specially suited to study
features with particular zonal wave numbers. Having
the same root, these submodels can be asserabled con-
sistently to form more complex models in which the
interactions and cause-effect relationships of the
different components can be examined. This method-
ology has been applied to study the mean circulation,
the diurnal tides and the influence of the mean cir-
culation on the diurnal tides. First, the mean cir-
culation and the tide are treated separately using both
a single step matrix inversion technique and a semi-
implicit time marching technique. The results are in
good agreement with those obtained previously by
other authors. Both numerical techniques yield essen-
tially identical results, showing the dynamical con-
sistency of the two approaches. The time-marching
technique generally uses more computer time, but it

allows for the inclusion of non-linear interactions and
provides the flexibility to account for complications
associated with the latitudinal (as well as longitudinal)
variations of parameters and parameterizations. This
capability is essential for our second exercise—simu-
lating the effects of latitude dependent background
winds and temperature gradients on diurnal tides at
solstice. Our time-dependent model shows that the
large horizontal temperature gradient at the summer
mesopause region can drive a baroclinic instability,
generating waves with approximately 4 day period.
The observational implications of these waves are
intriguing, but we shall postpone that to a more com-
prehensive later study.
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