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ABSTRACT

A two-level, -plane, quasi-geostrophic model in o-coordinates has been used to study basic
interactions between baroclinic instability waves and standing waves created by planetary scale
topographic barriers. Numerical experiments over periods of 100 days were carried out, firstly
with a flat topography and secondly with meridionally oriented mountain barriers of heights up
to 2300 m. Two interesting results emerged: one was concerned with the computational aspect of
modelling, the other with basic large scale dynamics.

The use of a centred differencing formulation of time dependent terms led to no compu-
tational difficulties in the case of flat topography, but with even a small barrier computational
instability very quiokly sets in. An Adams-Bashforth formulation entirely removes this in-

stability.

The insertion of mountain barriers reproduced cyclogenesis in the lee of the barriers with simi-
lar primary dynamical characteristics to those found in complex model studies (e.g. Manabe &

Terpstra, 1974).

1. Introduction

The importance is well known of the contribu-
tion of planetary scale mountain barriers to the
main dynamical characteristics of the general cir-
culation, to the preferred locations of cyclogenesis,
and so to the fundamental mechanisms of climatic
change. A review of the main theoretical studies in
this field and a description of their important num-
erical experiments was given recently by Manabe
& Terpstra (1974). They used a complex, nine-
level general circulation model, developed at the
Geophysical Fluid Dynamics Laboratory, with
average January heating functions as a base. Com-
parison of results of numerical experiments with
and without mountain barriers and the demonstra-
tion of a reduction in the transient component of
global eddy kinetic energy function has thrown
considerable light on planetary scale dynamics of
the troposphere. The results of recent numerical
studies by Egger (1974), using a -plane, five-level,
primitive equation, system, are also interesting. The
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integration domain was a channel, with cyclic
boundary conditions on the eastern and western
boundaries and a rigid wall at the northern and
southern boundaries, with an orographic barrier
placed in the channel.

A general dynamical problem in Meteorology on
a given scale is to determine the primary factors on
that scale and to formulate methods of parameter-
ization of the contributions of smaller scale phen-
omena. In making a first approach to this aspect of
the planetary scale mountain barrier problem by
using a relatively simple model, we have modified a
previous two-level model employed by Everson &
Davies (1970) by expressing it in g-coordinates and
so conveniently reflecting the gross topographic
barrier effects. The model was firstly integrated
with no barriers and secondly with simulated, meri-
dionally orientated, barriers, of heights up to 2300 m
using two different separation distances of the
barriers in the channel. A comparison of the calcu-
lated flow patterns and eddy kinetic energy func-
tions for the different separations leads to inter-
esting implications concerning the relationships be-
tween the different standing wave effects pro-
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duced and the baroclinic instability systems pro-
duced in the model integrations.

2. The model

The model used is basically a two-level, Phillips
(1956) type system, but with pressure p replaced by
p/m =0, where  is the surface pressure. Surface
boundary conditions can then be expressed con-
veniently on the actual ground surface. Following
Phillips (1957) the velocity equations are then (us-
ing the standard modelling convention):
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where 77(x,y) is the presure on ¢ = 1, ¢ is the geo-
potential of a constant ¢ surface, and fj is taken to
be a constant Coriolis parameter. The following
assumptions are made:

(a) The terms d(0u/90), G(0v/d0) are neglected in
(1) and (2), even in the regions of mountain
barriers. However, the computed vertical vel-
ocities are of similar magnitudes to those ob-
tained in other systems.

(b) The factor R7/r is taken to be a constant; this
is consistent with the geostrophic velocity as-
sumption used,
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where ¢ = RT/m, and ¢ is the geopotential of a
o surface. This leads to neglect of some terms
in the vorticity equation, but some 40-day test
integrations, with and without these terms,
showed negligible differences.

Static stability parameters, as expressed in
Phillips type models, are assumed to be con-
stant, although computer programmes could
allow for spatial variations.

In deriving a vorticity equation from (1) and
(2), the term {(\/-V) is neglected (the quasi-
geostrophi¢ assumption), but a ¢ field is gener-
ated at each time step through the thermo-
dynamic equation.

A difficulty in using o-coordinate systems is
that a momentum conserving scheme is not as
easily ensured as in pressure coordinates. This
can be overcome by using v = V as the
dynamical variable in place of v. However, the
use of this variable in vorticity models leads to
the introduction of several complicating terms
through cross-differentiation. Due to limited
computer facilities this has not been done in our
system, but some numerical checks suggest the
error is not serious, and, to ensure a simple
model rather than ensure a mathematical ex-
actness incompatible with other simplifying
assumptions, the model is derived from the
velocity egs. (1) and (2).
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Using similar substitutions to those employed in
developing Phillips type models, the prediction
equations at levels 1 and 3 (¢ = 0.25 and 0 = 0.75)
are
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and Qp is the radiative part of the heating func-
tion. The parameters
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are constants. The diffusive and frictional terms
are
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where A, k, and k, are appropriate constants.
The wind components calculated at the end of
each time step, are given by

ol orn
T

2=

and Fy=—F, —k;(,

+¢ —, forl=1and3.
dx

The effect of variations of surface height is rea-
lized by assuming a linear profile of geopotential ¥
with 0, and constraining i at o = 1 to be the geo-
potential of the surface height; so that
Yi=3Yp+ ¥, and ¢;=4yp + Y,
where ¥, is the “streamfunction” for the surface
(=¢,/f)) and Yp = ¥, — P, is the streamfunction of
the shear flow. The computing procedures used are
then generally similar to those used by Everson &
Davies (1970), apart from one important excep-
tion, discussed in section 3.

The integration domain used was effectively an
infinitely long channel in the E-W direction, with
cyclic boundary conditions on the E and W bound-
aries of the f-plane domains and rigid walls along
the N and S boundaries. In the first series of ex-

Tellus 29 (1977). 2

99

periments n =26 grid points, spaced at 375 km
intervals, were taken between the E and W “bound-
aries” of the basic S-plane region, with m = 33 grid
points, spaced at 312.5 km, between the N and S
boundaries. In a second series of experiments the
E-W distance between the cyclic boundaries was
doubled, the grid spacing remaining the same. The
mountain barrier axis was taken to run in both sets
of experiments N—S along the line of the n = 7 grid
points, measuring from the W boundary and ex-
tending from m = 8 to m = 26 in the N-S direc-
tion, with width extending from n=4 to n = 10.
The contours of the barrier at 500 m, 1000 m,
1500 m, and 2000 m are shown in Fig. 4(a).

3. The computing scheme

The non-linear inertial terms in the velocity equa-
tions are expressed in an Arakawa (1966) finite
difference system in order to suppress non-linear
computational instability. The time differencing
scheme was at first expressed in a centred form
with implicit evaluation of the friction and diffu-
sive terms. No computational instability problems
were encountered with a flat lower boundary, but
difficulties arose when surface height variations
were included. Surface pressure and temperature
contours showed small scale loops and kinks, and
convergence of the iterative computer routines for
surface pressure and streamfunction became ex-
cessively slow. No improvement was found when
the maximum surface shape was smoothed and the
problem still arose when topographic heights were
reduced to one-tenth. Examination of the relative
potential vorticities, surface pressure distribution,
and streamfunction showed a “two-time step
wave”, which was amplifying (Fig. 1).

In order to consider the possibility that this
computational instability might be initiated by a
rapid adjustment of an initial zonal flow to a de-
flected flow around the barrier, the model was star-
ted from rest with the barrier already having been
inserted. However, as the spurious computational
wave still developed quickly, an alternative time
differencing scheme was sought. The Adams-
Bashforth method was eventually selected as it was
easily programmed, reducing programme and
storage requirements, and could be extended to give
higher orders of accuracy. Expressing the basic
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Fig. 1. Variations of the relative potential vorticities 77, and 1, at a point in the centre of the model domain {grid point
n =13, m=17), when a centred time-differencing scheme is used. The initial flow was a uniform zonal current with a
mid-latitude zonal velocity of 39 m/s at level 1 and 12.5 m/s at level 3. The lower boundary included a mountain
barrier of maximum height of 2300 m, the peak being situated midway between equator and pole on the left-hand side
of the domain and the barrier extending eighteen grid lengths in the north—south direction, six grid lengths in the
east—west direction; the contours are shown in Fig. 4(a).  is in convenient arbitrary values.

differential equations to be solved in the form

dx

7{— = fi (xl,xz, ‘e
where the x; are the dependent variables of ¢, then if
", and £ denote the values of x; and f; at the
time step n, an Adams-Bashforth method of inte-
gration is expressible as
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A forward time step was also used every 10 days,
in order to suppress the growth of further compu-
tational modes. The scheme proved satisfactory in
suppressing computational instability, as seen in
Fig. 2. We note that Edelmann (1972) has also dis-
cussed recently the problem of damping numerical
instability caused by orography.

It was found to be computationally convenient in
the model experiments to assume that the domain
integral of relative potential vorticity, ¢ (egs. 7 and
8), should be conserved. This condition can be
shown to depend on using cyclic E-W boundary
conditions, the conventionally used boundary con-
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ditions at the N and S edges of the 5-plane channel,
conservation of total atmospheric mass, and the
assumption that net heating of the atmosphere is
zero. It is not of course automatically satisfied in
the numerical model due to the accumulation of
numerical errors. It is particularly important that
this condition continues to apply, as it is assumed
when finding the surface pressure and thermal
streamfunction; without it the system of linear
equations, which we attempted to solve numeri-
cally, are incongistent. Since relaxation type
methods are used, this is manifested by a gradual
increase in the number of iterations required. It was
found that the model could be amended to ensure
this condition by continuously correcting the rela-
tive potential vorticity values by a small amount
(about one part in 10 of a typical value); as a re-
sult, the number of iterations were reduced.

4. Discussion of results

The first numerical experiments, with integra-
tions for 100 days, were performed with a model
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Days

Fig. 2. Variations of the relative potential vorticities 7, and 7; as in Fig. 1 except that the Adams-Bashforth method
has been used for the time differencing.
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Fig. 3. Variations of domain eddy kinetic energy, K’, and zonal kinetic energy, K, using a flat lower boundary in the
model. The units of X’ and K are as defined by Phillips (1956), using convenient arbitrary values, independent of the
number of grid points.

L o000

which had a flat lower boundary, and in which an face pressure. The flow developed in a manner
initially zonal westerly flow with a vertical shear similar to that computed in an equivalent pressure
was disturbed by random perturbations of the sur- coordinate model and the energy functions (eddy
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Fig. 4. Sample surface flow charts from a 100-day run in which a mountain of height 2300 m is included in the
middle left-hand side of the domain, shown in Fig. 4(a). The charts show the flow af the end of the particular day indi-
cated, the continuous lines representing surface pressure in mb (relative to 1000 mb). In addition, 500 mb temper-
ature distributions in °C are shown dotted in Figs. (b), (c), (d), (¢), (), (g), (h), (i). (a) Contour heights of the mountain
barrier at intervals of 500 m. (b) Day 0; Anticyclonic circulation is already apparent at the surface and in the lee of
the mountain a cyclonic eddy system is formed. To the east of this, a ridge of high pressure is extending southwards.
At Day 1 (not shown) this ridge extends further south whilst the “low” pressure system deepens. (c) By Day 2 the
ridge has formed into a closed high pressure cell and these two systems begin to move eastwards appreciably. (d) By
Day 3 the trough ahead of this high pressure system closes as it meets the fixed anticyclonic cell over the mountain. (e)
At Day 4 a new “cyclonic” eddy system appears in the lee of the mountain and again high pressure extends south-
eastwards ahead of it, whilst the “cyclonic” system, which had approached the mountain at Day 3, has been pushed to
the north. The upper level flow has been split into two branches. At this stage, activity is fairly widely spread lati-
tudinally over the domain. (f)~(h) At Days 38—40, flow near the pole is weaker and the “cyclonic” eddies no longer
travel round the mountain. The low pressure system to the left of the chart remains on the westward side of the moun-
tain as its centre moves further south. (i) At Day 97 “cyclonic” eddies continue to form in the lee of the mountain, but
merge with the almost stationary trough when they have crossed the domain, and baroclinicity becomes restricted
more and more to the south of the domain. (In the north a temperature wave visible at Day 97 was stationary since
about Day 60.) (j) Time average distribution of surface pressure, averaged over Days 0 to 79.

Tellus 29 (1977).2



104

kinetic energy K' and zonal kinetic energy, K, de-
fined as in Phillips, 1956) show a similar pattern of
variations. After Day 70, the flow settles down to
the characteristic index cycle, represented by os-
cillations in the eddy kinetic energy (as shown in
Fig. 3). although the total kinetic energy is rather
low and there is little activity in the northern re-
gion of the domain. This was felt to be due to the
form chosen for the (500 mb) heating function (an
adaptation of that used by Everson & Davies,
1970) which was improved in later experiments,
producing higher values of the available potential
energy in the model.

It was also noted that, in contrast to a case
studied in which baroclinic activity was triggered
off only by a land-sea heating differential (taking
about 35 days of integration from an initial zonal
state), the response of the system to the presence of
a mountain barrier is rapid. For these experiments
the model was initialized by adjusting the surface
pressure, and streamfunction ¢p, so that the flow
was everywhere zonal (with the same character-
istics as the flat surface runs). When a barrier with
a peak of 2300 m was inserted with such a flow,
baroclinic eddies were apparent within 2 days, and
total eddy kinetic energy reaches a maximum after
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10 days. As shown in Fig. 4, an anticyclonic flow
system develops over the mountain and persists
throughout the integration, its magnitude depend-
ing on the relative positions of the baroclinic
systems and total eddy kinetic energy. An oscilla-
tion in the energy functions develops (shown in Fig.
5) with a period of about 5 days (the time taken for
a “cyclone” to traverse the domain), caused by the
interaction of the “baroclinic” waves with the
standing waves formed by the presence of the
mountain barrier. This formation of standing
waves seems to have the interesting effect of in-
hibiting the growth of baroclinic instability waves
by reducing the meridional temperature gradient
which existed without the presence of the barrier:
this suggests that the standing waves themselves
transport heat to the polar region, thus reducing the
requirement for meridional heat transport by baro-
clinic waves to achieve a climatological balance be-
tween tropical and polar model regions, although a
diagnostic analysis of this effect has not yet been
completed. The decrease in eddy kinetic energy
towards the end of the 100-day integration is even
more pronounced than in the flat case and eventu-
ally weak baroclinic activity is confined to the
southern half of the domain. Further experiments,
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Fig. 5. Variation of eddy kinetic energy, X', and zonal kinetic energy, K, (as defined by Phillips) using a mountain of
height 2300 m situated midway between equator and pole, as shown in Fig. 4(a).
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however, using a heating function with a 12%
larger meridional gradient, led to higher values of
eddy kinetic energy.

We noted also that, since a finite difference grid
cannot adequately resolve a wave of less than four
grid lengths, the mountain barrier effect necess-
arily occupies a large proportion of the domain of
integration in the E-W direction. To provide a
greater distance in which the baroclinicity may de-
velop and to reduce the global effect of the moun-
tain induced wave, experiments were carried out in
which the E-W extent was doubled.

The dynamically interesting result of this doub-
ling of the spacing between the barriers is that the
magnitude of the global eddy kinetic energy func-
tion is almost restored to its initial value (see Fig.
6), suggesting that as the spacing of the barrier in-
creases so the meridional transport effect of the
standing waves decreases, and in order to achieve a
climatological meridional heat balance the energy
of the model cyclonic systems has to be increased.
The nature of this dynamical problem is being
further investigated by a further series of experi-
ments using a variety of differently orientated
barriers.
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Finally, we note that the following main model
characteristics obtained by Manabe & Terpstra
using a complex nine level model are reproduced
also by our very much simpler two-level, 5-plane,
channel flow model. Firstly, the surface flow charts
(Fig. 4) show that a stationary trough is located in
the lee of a planetary scale mountain range, orien-
ted meridionally, with successive cyclonic eddies
moving generally from SW to NE. Secondly, a
major mountain range tends to increase the prob-
ability of cyclogenesis in the lee of these mountain
ranges. This is illustrated by the 80-day, time
averaged, surface pressure distribution shown in
Fig. 4(j). Thirdly, the global eddy kinetic energy is
seen to be reduced (Fig. 5) by the formation of
standing waves created by planetary scale moun-
tain barriers.

The model can be seen to have been developed
now to a stage where dynamically interesting
results are obtainable; the experiments can be ex-
tended by diagnostic analyses of model energy
functions and heat transfer distributions to study
the effect of geographic position, height, shape, and
orientation of planetary scale barriers on inter-
actions of the main model dynamical systems.
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Fig. 6. K’ and K variations with the mountain barrier positioned as in Fig. 5, but with the east—west extent of the
domain doubled. The initial peak in X’ is lower in this case as the wave caused by the mountain is reinforced less often.
The energy function K’ falls at a considerably slower rate than in Fig. 5.
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3AMEYAHHME O YMUCJIEHHBIX DKCINIEPUMEHTAX C MOJEJIBHBIMHY OPHBIMHA
HNPENIATCTBUAMU.

JIByxypoBeHHasl, KBa3HreocTpoduveckasi MOIes Ha
B-IIOCKOCTH B G-KOOpOMHATAX HMCHOJIb3YETCH A
H3Y4eHHs B3aHMOAEHCTBUA MEXAY BOJHAMHM, BO3HH-
KalOWHMH 32 c4eT 0apoKITUHHON HEyCTOHYMBOCTH, U
HEMONBWXXHBIMH BOJIHAMH, CO3JaBaeMbIMH TOIOT-
paduyecKMMH TMPEMATCTBHAMH IUIAHETAPHOro Mac-
mTaba. BeM MpoAenaHbl YNCIIEHHBIE 3KCTIEPUMEHTHI
¢ MHTerpuporanueM Ha 100 mHei, cHavana ¢ mIOCKoOi
Tonorpaduesi, a 3aTeM ¢ MEPHAMOHAILHO OPHMEHTH-
pPOBaHHBIMH TOPHBIMH MPEMATCTBHAMHM BBICOTOM O
2300 M. ITonmyuyeHbl OBa HMHTEPECHBIX pe3yJbTaTa:
OIMH KAacaeTCAs BBIYHCIMTEIIBLHBIX ACIEKTOB MOAEIH-

pOBaHuUs, APYTOK-KPYMHOMACIITAOHON JHHAMHUKH .

Hcnonp3oBaHue CXeMbl UEHTPAJIBHBIX pa3HOCTel
0 BPEMEHHM HE NOPpHUBOOMT K BbIYHCIHTCIBHBIM
TPYAHOCTSIM B CJIy4ae IUIOCKOK ToMorpaduu, B TO XKe
BpeMs [aXe MaJioe NpensATCIBME NMPHBOAMT K OBICT-
poMy BO3OyxaeHHIO HeycTOR4HBOCTH, CxemMa Azamca
—bBamdopTra NETHKOM IOJABISET 3Ty HEYCTOM-
YUBOCTH. BBeleHHE TOPHBIX MPENATCTBHIA NPHBOAHT
K LHKJIOTEHe3y 3a MPEIsATCTBUEM C [JIaBHBIMH
OMHAMHYECKMMHA XaPAKTEPHCTHKAMH, MOXOXKUMH Ha
pe3ynbTaThl 0oJNiee CIOXKHBIX Modene (Hampumep,
Mauabe u Tepnctpa, 1974).
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