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A Primitive Equations Model Study of the Effect of Topography
on the Summer Circulation over Tropical South America
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ABSTRACT

A nonlinear, primitive equations model with five levels in a ¢ coordinate is applied to study the effects of
idealized topography on the summer circulation pattern over tropical South America. The model circulation
is forced by prescribed latent heating centered over the Amazon Basin. Both the steady and the transient
components of the response are considered and compared with the corresponding components in the absence
of topography. It is found that topography blocks low-level inflow from the equatorial Pacific and leads to the
development of a steady, northerly jet that is fed from the tropical Atlantic. Other important effects of topography
on the response to steady heating are found in the low-level field of vertical motion. The effects of topography

R on the response to transient heating are described in terms of a component reflected to the east and a component

transmitted to the west by the topography.

1. Introduction

The atmospheric circulation pattern over tropical
South America has received increased attention in re-
cent years as a result of a growing awareness of the
potential impacts of tropical deforestation upon it. The
hypothesis is that changes in surface fluxes of heat and
moisture consequent to deforestation of the Amazon
Basin would lead to a significant decrease in the level
of convective activity in the summer rainy season. This
would alter the circulation pattern, which is presumed
to be driven by the latent heat release associated with
the convection. Recent advances in the parameteriza-
tion of the effects of vegetation and soil properties on
surface fluxes ( Dickinson 1984; Sellers et al. 1986) have
opened the way toward model testing of this hypothesis.
Incorporation of these surface parameterizations into
general circulation models has resulted in quantitative
estimates of the impact of the deforestation on the cir-
culation and other aspects of the local climate of trop-
ical South America ( Dickinson and Henderson-Sellers
1988; Nobre et al. 1989).

A better understanding of how the circulation pat-
tern over tropical South America varies with the level
of convective heating would help in the interpretation
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of impact studies using general circulation models
coupled to detailed parameterizations of surface pro-
cesses. A recent study by Horel et al. (1989) docu-
mented the annual cycle of convective activity and cir-
culation patterns over the tropical Americas using cur-
rent large-scale datasets, but did not produce any new
insight into the dynamical link between convective ac-
tivity and the summertime circulation pattern over
tropical South America. The largest contribution to
present understanding of the dynamics of this circu-
lation has come from studies using relatively simple
models. Yet, until very recently, none of these models
made any attempt to deal with the topography that
uniquely characterizes this region of the tropics. The
purpose of this paper is to present the results of a study
of the response to prescribed large-scale convective
heating in a relatively simple model that includes to-
pography representative of the region. The remainder
of this introduction is devoted to a review of past mod-
eling studies of this type.

The dominant feature of the upper-level summer-
time circulation over tropical South America is a large
anticyclone, often referred to as the Bolivian high,
whose climatological center is over the Bolivian Alti-
plano (Kreuels et al. 1975; Virji 1981). The situation
is much different at low levels, where the flow crosses
the northeast coast of South America from a general
northeasterly direction, then moves poleward parallel
to the Andes. The size and position of the Bolivian
high bears close resemblance to the response of the
linear model of Gill (1980) to a heat source located
close to the equator. The first application of the Gill
type of model to the circulation over tropical South

Unauthenticated | Downloaded 10/21/22 11:35 AM UTC



15 AuGusT 1991

America was that of Silva Dias et al. (1983). The main
interest in that study was the response to transient
bursts of convection, ranging from the diurnal cycle to
fluctuations on the time scale of a few days, and the
prescribed heating was therefore smoothly switched on
at some initial time and subsequently switched off
again. A feature closely resembling the observed Bo-
livian high appeared at upper levels, together with a
large-amplitude transient that traveled eastward out of
the model domain. A distinguishing feature of this
model was the use of an expansion in terms of normal
modes to solve the model equations. This technique
lent itself naturally to an interpretation of the transient
response in terms of propagating normal modes.

The analysis of the transient response to prescribed
heating by Silva Dias et al. (1983 ) was extended to the
steady-state response in a model study by DeMaria
(1985). This model constituted an advancement over
the single~vertical-mode models of Gill (1980) and
Silva Dias et al. (1983), insofar as it contained five
vertical modes. The steady flow pattern in this model
at low levels bore little resemblance to the observed
summer climatology. In particular, the unrealistic low-
level flow from the west, across the region where the
Andes would be and into the heat source, highlighted
the need for incorporation of the topography into such
models. A further feature of the DeMaria (1985) study
was its description of the patterns of vertical motion
associated with the steady response and the transient
response. The vertical motion patterns associated with
the transient response were also examined in a study
by Buchmann et al. (1986), which employed a two-
layer, nonlinear model. In common with all previous
studies, that model contained no topography.

A first step in the investigation of the response to
prescribed heating over tropical South America in the
presence of topography was taken by Kleeman (1989).
Topography in the two-layer model used in that study
was represented by a meridionally oriented “knife-
edge” filling the bottom layer. The study was restricted
to an analysis of the transient response over a three-
day period. A distinguishing feature of the model was
an analysis in terms of analytic solutions that facilitated
an interpretation of transient patterns in terms of nor-
mal modes reflected and transmitted by the topo-
graphic barrier. The development of a Bolivian high
in the upper layer of the model was shown to be little
affected by the presence of the topographic barrier,
while the circulation pattern in the lower layer exhibited
an inflow from the equatorial Atlantic side of the do-
main that funneled into a jet directed southward along
the barrier.

The model used in the study presented in this paper
is a nonlinear, primitive-equations, gridpoint model
with five levels in the vertical. Topography is repre-
sented by a meridionally oriented ridge of Gaussian
cross section. A prescribed heat source to the east of
the topography is turned on smoothly and maintained
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to provide the steady-state response that is the principal
object of study in this paper. The features of this re-
sponse are compared with those resulting from the
same simulation in the absence of topography. The
circulation patterns in this no-topography control run
differ slightly from those in the DeMaria ( 1985) study
because of nonlinear effects and the use of a different
basic-state temperature profile. Simulations with a
transient heat source and various forms of idealized
topography are also presented and compared with the
results of the Kleeman (1989) study.

2. The model

The model employs the nonlinear, primitive equa-
tions in spherical coordinates. The vertical coordinate
is ¢ = (p — pr)/(ps — pr) where pr = 50 mb and ps
= 1000 mb. There are five levels in the vertical, with
the variables distributed as indicated in Fig. 1. Hori-
zontal finite differencing in the model conforms to the
C grid of Arakawa and Lamb (1977). The gridpoint
spacing is 3.75° in both longitude and latitude. There
is no horizontal or vertical diffusion in the model, dis-
sipation being parameterized in the form of Rayleigh
friction and Newtonian cooling with a common rate
constant of 5 day™'. The model contains a standard
routine for interpolation of fields from o surfaces to p
surfaces.

The horizontal domain of the model is shown in
Fig. 2. Rigid vertical walls are imposed at 45°N and
60°S. At the eastern and western boundaries, the ra-
diation condition of Orlansky (1976) is imposed. Also
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FIG. 1. Longitudinal cross section illustrating the vertical distri-
bution of the ¢ levels on which the model variables are evaluated,
The topography is that given in Fig. 2. Away from the topography
the surface pressure is 1000 mb.
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FIG. 2. The horizontal domain of the model. Circular contours represent the heating rate (K

d™!') at 400 mb. Contours oriented meridionally represent the topography, which has a Gaussian
cross section of scale 800 km and maximum height 2 km. The distortion of the height contours
is a consequence of the cylindrical map projection.

shown in Fig. 2 are contours of the topography and
contours of the prescribed heating at the level where it
is a maximum. The heating is centered off the equator
in the region of the observed maximum of convective
activity in the summer. The vertical structure of the
heating follows the prescription of DeMaria (1985),
which is a slightly skewed parabola with a maximum
at 400 mb.

In this study we consider the response to the two
different temporal variations of heating that are shown
in Fig. 3. One is a steady heat source that is turned on
gradually to minimize the transient component of the
response. The other source peaks sharply and then de-
cays to zero and is the heat source that was used by
DeMaria (1985) and by Kleeman (1989) to excite a
transient response. In the present study it has been
normalized such that the total heat supplied is equal
to that delivered by the steady heating over a period
of 72 hours.

In the case of both the steady heating and the tran-
sient heating experiments, the initial state is one of
rest, except in the one experiment in which a basic-
state flow from the west is imposed. The basic-state
static stability is given by the temperature distribution
T = Ts(p/ps)* where Ts = 300 K, ps = 1000 mb, and
I' = 0.19. In the at-rest basic state, the presence of
topography gives rise to a motion field even in the ab-
sence of the prescribed heating, but this field is small
and has no discernible effect on the pattern of the re-
sponse represented as an anomaly relative to a hori-

zontally uniform basic state of rest. In the simulations
with the slowly rising steady forcing, the amplitude of
the transients are sufficiently small that a temporal av-
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FiG. 3. The temporal dependence of the prescribed heating used
in (a) the steady-state simulations and (b) the transient simulations.

The units of the ordinate are the vertically integrated heating rate in
kelvins per day. ’
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erage was not needed to isolate the steady response.
We take the solution at ¢ = 120 hours as representative
of the steady response.

3. The steady-state response

The basic features characteristic of the steady-state
response when there is no topography present in the
model are illustrated by the three panels of Fig. 4. In
this and succeeding figures, continental outlines are
shown to give an impression of scale. At the 200 mb
level the circulation is dominated by the simulated Bo-
livian high. In the eastern part of the domain the re-
sponse has the characteristics of a stationary Kelvin
wave packet, symmetric with respect to the equator
and decaying away from the source region. At the 850
mb level, the circulation pattern closely resembles the
200 mb pattern, but with opposite sign. The 500 mb
vertical motion field exhibits a pattern of upward mo-
tion that coincides with the imposed heating. The
principal region of compensating subsidence is found
slightly south of west of the heating region. There is a
secondary region of subsidence along the equator to
the east of the heating.

For the purpose of generating a solution of the lin-
earized equations for comparison, we reduced the
heating by a factor of ten, repeated the simulation, and
then scaled the response up by the same factor. This
solution (not shown ) was in close agreement with that
obtained by DeMaria (1985). The features exhibited
by the linear response relative to the nonlinear response
(Fig. 4) consisted of a modest increase in the amplitude
of the circulation at both upper and lower levels and
a decrease in the turning radius of the outflow pattern
at upper levels. Associated with the latter effect was a
small reduction in the amplitude of the trough that
appears to the northeast of the simulated Bolivian high
in Fig. 4a.

A two-dimensional ridge of topography of maximum
height 2 km (Fig. 2) was then inserted into the model
and the simulation with the steady heating was re-
peated. The 200 mb circulation pattern that resulted
closely resembled that in Fig. 4a and is not shown here.
The circulation pattern at low levels was much altered
by the insertion of topography. Figure 5a shows the
circulation pattern on the lowest ¢ surface (¢ = .842).
Interpolation onto the 850 mb surface, assuming that
horizontal velocity vanishes at the ground, yields the
circulation pattern shown in Fig. 5b. The strip of 850
mb surface that is below the topography is indicated
by the absence of wind vectors. Figure 5b is to be com-
pared with Fig. 4b. It is seen that at this level the to-
pography blocks the flow that previously came from
the Pacific. The low-level inflow now has its roots on
the Atlantic side in a broad region symmetric with re-
spect to the equator. This flow subsequently feeds into
a jet that crosses the equator, moves through the heat
source region (centered at 60°W, 11°S), and then turns
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sharply north to weaken and move along the eastern
slope of the topography. A cross section of the jet at
the equator is shown in Fig. 5¢. The topography roughly
occupies the region centered at 75°W, which is enclosed
by the zero contour. As noted previously, there is no
diffusion acting in the model; and the contours on the
side of the jet facing the topography are closed by the
assumption, made within the routine that interpolates
to p surfaces, that the horizontal velocity is zero at the
ground.

The presence of topography does not alter much the
500 mb vertical velocity pattern that was shown in Fig.
4c, so that the changes can be described without the
aid of a figure. What results is a reduction in the areal
extent of the subsidence pattern to the west of the heat
source that is compensated by an increase both in areal
extent and peak value (from 3.3 to 5.4 mb day ') of
the subsidence pattern along the equator to the east of
the heat source. At low levels, on the other hand, the
changes in vertical motion brought about by the to-
pography are considerable. We describe these with the
aid of Fig. 6.

The field of vertical motion at the 850 mb level when
there is no topography present is shown in Fig. 6a. This
is to be compared with Fig. 6b, which shows vertical
motion at the same level in the simulation with to-
pography present. It can be seen that the addition of
topography introduces two regions of relatively strong
subsidence near the equator. The region to the east of
the longitude of the heat source, considered jointly with
the low-level flow that was shown in Fig. Sb, suggests
that the topography has set up a circulation cell in the
equatorial plane that constitutes a feed for the low-
level jet that flows southward into the region of the
heat source. The model predicts that the zonal scale of
this circulation is quite small, with the center of the
low-level subsidence falling very close to the northeast
coast of South America. Figure 6b also reveals the ex-
istence of a concentrated region of subsidence to the
west of the longitude of the heat source. The small
scale of this feature is partly dictated by the fact that
the 850 mb surface on which it is depicted passes be-
neath the topography at the location of the meridionally
oriented zero contour in the height field. To make this
point clearer, we show in Fig. 6¢ the vertical motion
pattern as it appears on the lowest o surface. This shows
that the region of subsidence is of somewhat larger ex-
tent and is also somewhat stronger than is indicated in
Fig. 6b. We defer further discussion of this feature until
the concluding section.

We have modified the model to include a westerly
basic-state flow that is uniform in longitude and in-
creases linearly in ¢ from a value of zero at the surface
to a value of 10 m s~! at 6 = 0.15. The steady response
patterns in the presence of this basic-state flow are il-
lustrated in Fig. 7. The top panel (Fig. 7a) shows the
low-level response (o = 0.842) in the absence of the
Amazon Basin heating. The topography that has been
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used in the simulations described so far in this paper
(Fig. 2) has here been tapered in latitude so that it falls
to zero before reaching the northern and southern
boundaries of the model. Thus, at high southern lati-
tudes in Fig. 7a the flow is zonal. At somewhat lower
latitudes ( ~35°S) there is a tendency for the flow to
go around the southern flank of the tapered ridge, while
in subtropical latitudes (~15°S) the flow is over the
ridge. The regions of relative vorticity successively en-
tered by a parcel crossing over the ridge in subtropical
latitudes in Fig. 7a (weak cyclonic, strong anticyclonic,
weak cyclonic) conform to the description of quasi-
geostrophic flow over a mountain given by Smith
(1979). In a narrow strip centered on the equator the
flow pattern becomes more complicated, the most sig-
nificant feature being an enhancement of the westerly
flow that extends a considerable distance downstream
of the ridge.

The low-level response in the presence of the basic-
state flow and Amazon Basin heating is shown in Fig.
7b. The circulation pattern here is largely a superpo-
sition of the pattern in Fig. 7a and the pattern in Fig.
Sa. It is clear from Fig. 7b that even the relatively weak
basic-state flow of 1.5 m s~! at this level is sufficient
to shut off the inflow of air from the tropical Atlantic
into the cyclonic circulation over the Amazon Basin.
Finally, Fig. 7c shows the circulation pattern at the 200
mb level. This figure should be compared with Fig. 4a,
which characterizes the response in the absence of the
basic-state flow. It can be seen that the inclusion of the
basic-state flow adds considerable definition to the
trough located downstream of the simulated Bolivian

high.
4. The transient response

In this section we describe the results of simulations
in which the heating, as shown by the large-amplitude
curve in Fig. 3, rises sharply to a maximum in 12 hours
and then decays exponentially. As remarked earlier,
this heat source is identical to that used in the no-
topography model simulations by Silva Dias et al.
(1983) and DeMaria (1985) and in the simulation with
topography present described by Kleeman (1989).

Figure 8 illustrates the evolution of the transient re-
sponse at the 200 mb level in the case where no to-
pography is present in the model. The pattern at the
850 mb level (not shown ) is of the same form, but with
the sign reversed. It can be seen that the concentrated
local response at 20 hours separates by 36 hours into
a large-amplitude Kelvin wave packet and a circulation
to the west of the longitude of the heat source that
closely resembles the simulated Bolivian high in the
steady-state case (Fig. 4a). The Kelvin wave packet
then propagates out of the domain, indicating that the
radiation boundary condition in the model functions
well in this application. The transient Bolivian high
subsequently decays at a rate that is governed by the
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dissipation in the model. Comparison of the patterns
in Fig. 8 with corresponding ones in Silva Dias et al.
(1983) and in DeMaria (1985) reveals that the non-
linear nature of the present model adds nothing of sig-
nificance to the evolution of the transient response
pattern in the absence of topography.

Topography in the two-layer model simulation of
the transient response described by Kleeman (1989)
was represented by a meridionally oriented knife-edge
filling the lower layer. We first consider the response
in our model to this very idealized topography, which
we represent by imposing a boundary condition of zero
zonal flow along 75°W in a layer 4 km deep. We rep-
resent the result in the form of a time series of maps
showing the difference obtained by subtracting the
simulation with no topography from the simulation
with topography. Figure 9 shows such a sequence for
the transient response at 200 mb. The eastward trav-
eling Kelvin wave packet seen there is, by definition,
the component of the transient solution that is reflected
from the topographic barrier. This reflected component
has the same structure and comparable amplitude, but
opposite sign, at low levels. Also evident in Fig. 9 is a
broad and relatively slow-moving anticyclonic transient
in the western part of the domain. Reference to the
corresponding difference map at the 850-mb level (not
shown) reveals that this transient to the west of the
topography is essentially barotropic.

Both of the aforementioned components of the
transient solution appeared in the simulation by Klee-
man (1989), who referred to them as the reflected and
the transmitted components, respectively. These two
components also appear in those simulations with our
model in which the topography is represented more
smoothly as a meridional ridge of Gaussian cross sec-
tion and lower altitude. We proceed now to describe
these two components in more detail. In the interests
of economy of presentation, we take as an index of the
amplitude of Kelvin wave transients the zonal wind at
a point located at 45°W and the equator. For reference,
we show first in Fig. 10a the time series for 200 mb
and 850 mb zonal wind at this geographical point in
the simulation with no topography. This is the Kelvin
wave packet that is launched directly by the transient
heating, and whose spatial dependence was illustrated
in plan view in Fig. 8. It can be seen from Fig. 10a that
the vertical structure is essentially that of an internal
normal mode with a node in the middle troposphere.
Figure 10b shows the time series of zonal wind differ-
ences obtained by subtracting the no-topography sim-
ulation from the simulation in which topography is
represented by the knife edge of 4 km altitude. This is
the reflected Kelvin wave packet previously seen in
plan view in Fig. 9. Both the basic low frequency packet
and a superimposed higher frequency modulation ex-
hibit the same vertical structure that characterizes the
transient coming directly from the heat source (Fig.
10a). When the knife-edge topography in the model

Unauthenticated | Downloaded 10/21/22 11:35 AM UTC



1831

ADILSON W. GANDU AND JOHN E. GEISLER

15 AUGuUST 1991

‘st ‘0 ‘Si- ‘0t ‘Sb- ‘09

=S wor
sjuasordar 1ouI0d puey-1ySL JomO[ Y} Ul UMOYS JOJO3A 3} ‘W g St IYBOY JO [eAlarul
moyuo) 'y gy = 7(9) pue ‘g 9¢ = 7(q) ‘Y 0T = 7 () 1& pulm J0300A pue JyS1oY qui 00T 49
pajuasaidar se AydesSodo} Jo aouasqe ayy ul Surjesy JudlsueI) 03 asuodsal YL ‘g “OIf

(39,650} 301190

X
g
2

199J69p) 30n1114%

1

{99.690) 30N119M07

SY ‘0 S1- “0e- ‘Sb- ‘09~ SL- “06- “Sot- ‘02l SEl-
T T 09—
- wEre
...................... 'mfl
---------------- val
AN NN
! Sy SR S8 N W vm—u“m
s s s a8 s NN N\ N =
SN NSNS NNA N m
u.. SsasasSNA N
R BN s saaSNNNANTNY A fo .
L'l . s SN\ - 3 .w
- - TN .~ ~o ¢ /"\-y 3
- << oA S =SSN NN\ S L -
£ - [ L R S s I3
4 - - - . ) -« % %N N j Av.
H... ‘O-N.:'lifllllll||\)
og
................ A -
193690) 30n119M07 .
st .0 ‘St~ o ‘Sh- ‘09~ ‘SL- “06- SOt~ "0%1- mmww

t93.63p) 30nN1114%

Unauthenticated | Downloaded 10/21/22 11:35 AM UTC



VoL. 48, No. 16

JOURNAL OF THE ATMOSPHERIC SCIENCES

1832

1

S WL  JO QOUAIIPIP © Sjudsasdal JouI00 PUuey-1y3U JOMO[ Ul

WAMOYS J0J03A Y} “WI 7 ST SDUAIIPIP ISy JO [RAINUT INOWOD) M S L Suofe spninfe wry
¥ Jo 98pa apuuy e s1 Aydessodor sy [ Y 8y = 7 () PuB ‘Y 9¢ = 7(q) Y 0T = 7 (B) 1B puim
I10393A pue jydray qu 0oz uI  Aydersodol ou snutw Ayderdodol,, soUdIayIp Ay jo sdew

£q parussardar se Sunesy judisuer) 0} osuodsar oy uo Kyderdodoy Jo 103h3 SY Y. 6 "D

(33569p) 3001107

‘st 0 'St- C0E- "Sb- 09~ 'SL- C06=  'SO1-  (0z1-  SEl-

LN S | 4ro- =TT T T B30 T 17T 0-p- T ._Jm\lm_w ™ " 09~
boooe e e . e e e e e ——— - —
L~ . foFavo =

(9356301 26N111Y1

RS - g o) /n
. . R YR iy L 3
.>._“W:Ql_ O S | b Foh
. . . . 132.690) 300119807 122690) 30n11907
St (1] St- o€~ S ‘09- “SL~ *06~ ‘sot-  "021-  csel- St K Si- 0E- “Sb ‘09~ SL- 06~ ‘s01-  C0Zl- USgl-
—Tr—rT—T—7 09~ T T 7T 09~
- 13-" — ~4 -
L. . 10+37°0
rsh- L C Fop~
[0~ .- . . . Foc~
B Fetg
o -
Fo0 3 03
113 3
g q
4 3
ISt rsl
Foe roe
Sv FSh




o
IR AR RN R ey A IR RN RA ARRRR RRRRRIARA :

st e depp byl o ety bin

110

A
100

8o
{thoure)

S0
TIME

1
{0

1

n

N

©
N

o »

(s/v]

¢ v o
] -

111301314

-}

o
h

]
0
N
i

120

n
100

a0 2
TIME (hours)

S0

1
40

30

2
to

(s/0]

11130134

o
IT'][I|ll]l”ll‘llllllllllll]l‘ll' T lllT]”]‘lr’TI]lllll“] : 'g E
- 3
5 E
Q.
o o w'R
b - 5 8
- 2E
E e
-~
=
L 18 &«
" EE
-~
0 Sg¢
i 8 583
o0
1 =g
Eal Q
. |, £z
L) ‘““5“6
B o
o »8
4o fo =] E
A - g%
e ¥ o
o gh=
= O§
L Joz g &
[ E“—S
=]
1% g8
or 8 4%
} -no- mg o)
o
1 £O0sg
o §8&E
5 18 2wz
-k
3
3 o N~ O
L] £ o.c
goe
- oy E
258
- '2 = QE)&‘:"
Eg A
=g
—~o
o 53
- 1= g2
= S
OB <
o B
FEEUYRUTSETSTEITUTESUUTs AUUTULSTRUTTCTUSTINEISISSISIRLL ° “;’-nE
~
© » 0O ¥ O ® 0 ® O B O ® O L
. . . . . . . . . Q o . ~ & g
n N [, ] - - 1 - - L] N n
[ R Y L83
E®"T
ts7/e] 111301314 o n °
w9 W
w0 3.0
o P
LA AR RN RES RA SRS ANARS ARRRERARRNANAS AR NRIRREEAN LARA) 2 ’55“5
v 1 k= EB
5 [
' 17 238
- (]
J £ S
3 0%
o =
- 1§ &=
- [P Rse R
£33
4
ER-R=
- [} e
Ja -D.AAZ,
| Ewg
g2
L 49 N
o O
§a°
r z 53
8 9. 5 g2
T 0oz
§ <+ 23
&2 E
- -85 =~
EgE
R
! 25§
3 o4O Q E
(] =2
| &8
o o985
r ¢ £ g)..o
2 A~
— OO
° © 7 —
- 13 g 8§
1]
£38
=}
s 1o 2.8 g
L] £ g8~
Q )
QO e
IET
<40 a8
r - 5 =]
& ..
4 N S.E
sabaasalegaaaesdagedegabaasadeaadyaggtygaadansal ’3 g~
<} - <
3 G
2 "9 &9 8o v’ S4B
" ~ N - - 1 - - ~ ~ n 8 W
[ T S | 5 B89
=3
($74) 11130134 &8 2
B s

Unauthenticated | Downloaded 10/21/22 11:35 AM UTC



VoL. 48, No. 16

JOURNAL OF THE ATMOSPHERIC SCIENCES

1834

W ¢ SI SOSED [[B Ul [BAIDIUI INOIUOD 3Y ], "qui ()G 10J 1nq ‘(d) ut se (p) pue ‘wy p spmnje jo Aydessodo) aFpa-ajiuy Yiim ased
oy} Joj 1nq (&) se awes (9) {qu (5§ 10§ Ing ‘(&) se swes (q) Aydesdodos Jo aduasqe ayj ur (eIS JIseq Y1 01 IANRJAI A[ewIour) pldy WYSIDY quI-((T S1IS-ApeaIS (B) "[ ] "OI

1326301 20019900
"0€- Sh- 09 "S- "06- S01- o2~

SEl-

09-

Sh-

(3383p) 00U 118Y

122.830) 10011901
Sb- 0 'Se- Tpe-  “Sol- Co2-

%]

<
(33.63p) 30011444

2

1238201 20011207

“oe- 3 od

09 se-

'se1-

m

T

09

Sh-

oc~

183630) 3001114Y

ﬁwv

1326901 301207

Toe- S

09 -

-06-

"S-

‘on-

“SEl-

03-

T

T

T T

T

Sh-

taabep) 0NU11HY

Sk

Unauthenticated | Downloaded 10/21/22 11:35 AM UTC



15 AUGUST 1991

is replaced by Gaussian topography of the same altitude
(4 km) and Gaussian width scale of 800 km, the re-
flected Kelvin wave packet appears as in Fig. 10c. The
amplitude remains about the same as it was in Fig.
10b, but the high frequency component has been elim-
inated and the vertical structure cannot now be de-
scribed as a single vertical normal mode with a node
in the middle troposphere. In a simulation with the
amplitude of the Gaussian ridge topography reduced
to 2 km, the reflected Kelvin wave packet behaves as
in Fig. 10d. This looks like the case in Fig. 10c, but
with amplitude reduced by a factor of two.

We consider now the transmitted component of the
transient response, which is found to the west of the
topography. Kleeman (1989) remarked on its essen-
tially barotropic structure and was of the opinion that
a study by Silva Dias and Bonatti (1985 ) provides some
observational confirmation of its existence. These au-
thors performed a vertical normal mode decomposition
of the time-mean flow in the region of South America,
defined as the average of FGGE level IIIb data for the
period 29 January to 16 February 1979. They then
displayed the part of this flow pattern accounted for
by the external normal mode alone. The external-mode
flow pattern was relatively weak everywhere except for
an anticyclonic circulation centered over the southeast
Pacific at about 20°S, 100°W, which is in the neigh-
borhood of the southeastern Pacific center of the trans-
mitted transient component shown in Fig. 9. It is this
qualitative agreement with the transient component
that prompted Kleeman (1989) to cite the Silva Dias
and Bonatti ( 1985) study. Since their analysis was per-
formed on a 3-week average, we feel that it is more
appropriate to compare their result with the steady re-
sponse rather than the transient response. The steady
response in the presence of knife-edge topography of
4 km is shown in Figs. 11c and 11d. The response in
the absence of topography is shown for comparison in
Figs. 11a and 11b. It is clear that the effect of topog-
raphy on the response over the eastern Pacific is an
enhancement of the height field that is characterized
by a relatively strong barotropic component. Estimat-
ing the amplitude of the external-mode contribution
to this response by taking the two-point vertical aver-
age, we arrive at a figure of about 10 m for the ampli-
tude in a broad area around 20°S, 100°W. This is about
half of the amplitude obtained by Silva Dias and Bon-
atti (1985).

5. Summary and discussion

In this study we have employed a fully nonlinear,
primitive equations model to isolate the effect of an
idealized Andes mountain chain on the circulation
forced by prescribed diabatic heating over the Amazon
Basin. The behavior of the steady-state and the tran-
sient components of the response were analyzed sep-
arately in simulations with a forcing that rose slowly
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to a steady level and a forcing that peaked rapidly and
then decayed to zero. The response in the case with no
topography was compared with the results of previous
studies with linear models. The near agreement suggests
that linear models accurately describe both the steady
and the transient response to realistic values of the
heating in the absence of topography.

The principle effect of topography on the steady-
state solution is to block low-level flow from the equa-
torial Pacific into the region of the heating. In the pres-
ence of topography the source of the low-level inflow
switches to the equatorial Atlantic. As this flow im-
pinges on the topography, it is deflected southward and
is concentrated into a low-level jet identifiable in the
model from just north of the equator down through
the latitude of maximum heating at 11°S. A similar
conclusion was drawn by Kleeman (1989) on the basis
of the evolution of the transient solution over a 3-day
time span. The pattern of downward vertical motion
(Fig. 6b) suggests that the roots of the flow entering
the steady-state jet lie in an overturning in the equa-
torial plane that is both shallow and of small zonal
scale. Simulations done with various values of the coef-
ficient of linear damping revealed that the zonal scale
is smaller, the larger the damping. South of the latitude
of maximum heating the jet turns rapidly westward
and then northward around a cyclonic center situated
at the eastern base of the topography. This description
of the low-level response pattern is sensitive to the
presence of a basic-state flow insofar as a relatively weak
flow of 1.5 m s ™! from the west appears to be sufficient
to eliminate the inflow from the equatorial Atlantic.

The steady-state simulation also indicates that to-
pography engenders a small region of strong descent
on its eastern equatorial slope. Inspection of the hor-
izontal flow pattern on the lowest ¢ surface (Fig. 5a)
suggests that the descent involves some mixture of air
coming over the topography from the Pacific together
with air flowing westward from the equatorial Atlantic
that moves up the topographic ridge and then sinks
back to flow into the low-level jet. The dynamics of
this isolated region of strong descent are not clear. Since
the equation that yields w in the g-coordinate formu-
lation contains the difference of two relatively large
terms, there is the possibility of truncation error. To
test this hypothesis, the simulation was repeated with
the horizontal gridpoint spacing reduced by a factor of
two from its standard value of 3.75°. This and other
features of the vertical motion field were little changed.

Simulations with the transient heat source in the
presence of topography are in agreement with results
reported by Kleeman (1989). The essential points of
his findings were that the topography scatters the tran-
sient response incident from the source region to the
east of it into a reflected baroclinic Kelvin wave packet
and a transmitted, barotropic Rossby wave packet. We
considered the effects of three forms of topography on
the nature of the reflected Kelvin wave response. In
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the case of extremely narrow (knife-edge) topography
of 4 km in altitude, the reflected Kelvin wave packet
has the vertical structure of a single vertical normal
mode. The amplitude of the reflected wave packet is
about 30 percent of the direct Kelvin wave packet that
emanates from the heat source. Topography of the
same height, but of finite width, produces a reflected
component of the same amplitude and a more com-
plicated vertical structure. The more complicated ver-
tical structure seems to be the only difference in the
response to knife-edge versus finite-width topography.
Reduction of the height of finite-width topography by
a factor of two reduces the amplitude of the reflected
wave by the same factor.

Our analysis of the transmitted component of the
response in the presence of topography lends some
support to the interpretation ( Kleeman 1989) that the
relative maximum in external-mode amplitude over
the eastern Pacific identified in the observational study
by Silva Dias and Bonatti (1985) is the result of scat-
tering into the external mode by the Andes chain of
energy incident from the heating region over the Ama-
zon Basin. The 10 m amplitude that is found in the
case of topography of 4 km altitude is, however, about
half of that found in the observational study. In the
case of the smooth topography of 2 km altitude, the
amplitude of the barotropic component over the east-
ern Pacific is so small as to be difficult to estimate by
this technique, but is certainly no more than a few
meters. This topography is certainly closer to reality
than topography of 4 km amplitude. There thus re-
mains a substantial discrepancy in amplitude between
the observed barotropic feature over the eastern Pacific
and simulation of the effect on this region of distant
heating to the east of the Andes.
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