JUNE 1994

GAN AND RAO

The Influence of the Andes Cordillera on Transient Disturbances

MANOEL ALONSO GAN AND VADLAMUDI BRAHMANANDA RAO
Instituto Nacional de Pesquisas Espaciais—Inpe Sdo José Dos Campos, Sdo Paulo, Brazil

(Manuscript received 12 October 1992, in final form 22 October 1993)

ABSTRACT

The influence of the Andes Cordillera on transient disturbances is investigated in this study using a lag-
correlation analysis. This analysis shows that the unfiltered geopotential height data have a wavelike pattern
moving to the east while tilting to the west in the vertical. When the wave approaches the Andes Cordillera, it
exhibits orographic effects such as anticyclonic turning of a low-level disturbance trajectory, a zonal trajectory
in the upper levels, distortions of the isolines of correlation, and an elongation of maximum correlation on the
lee side of the Andes. The anticyclonic turning of the trajectory in the low-altitude levels and a zonal trajectory
in upper levels implies a decrease in the vertical tilt of the system on the windward side and an increase in the
tilt on the lee side. The increase of baroclinicity on the lee side results in baroclinic development as predicted
from a linearly obtained normal-mode solution in the presence of mountains. .

A cross-correlation analysis of the high-pass-filtered disturbances shows an eastward phase propagation and
a westward vertical tilt with height on the order of one-quarter wavelength between 1000- and 300-hPa levels.
The horizontal structure and phase propagation show characteristics similar to the fastest-growing baroclinic
normal mode in a two-layer, quasigeostrophic, 3-plane, linear model with a mountain placed in the north—south
direction. This shows that the high-pass-filtered anomalies over the South American region are associated with
baroclinic disturbances influenced by the Andes Cordillera. The results further show that the interaction of these
anomalies with the Andes Cordillera is responsible for lee cyclogenesis. The composite maps show that the
positive and negative high-pass-filtered anomalies have the same structure and paths of phase propagation. These
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anomalies intensify over the Pacific Ocean near the South American continent.

1. Introduction

The influence of mountains on the general circula-
tion of the atmosphere, in the generation of mountain—
valley breezes and in lee cyclogenesis has been the
subject of several studies (WMO 1980). In the
Northern Hemisphere most of the large mountain
ranges are located in the midlatitudes, blocking the
westerly winds and the transient disturbances embed-
ded in them. Although a large part of the Andes Cor-
dillera (hereafter called the Andes) is located in the
tropics, it affects the atmospheric circulations of the
southern part of South America. The effect of the An-
des was studied by Satyamurty et al. (1980) using a
numerical model. Satyamurty et al. showed the for-
mation of a stationary trough on the lee side of the
Andes. The influence of the Andes on the transient dis-
turbances did not receive much attention. Nevertheless,
synoptic experience shows that cold fronts and low
pressure systems become weakened as they approach
the Andes and intensify on the lee side of the Andes.

The subject of cyclogenesis on the lee side of a
mountain, particularly in the region of the Alps, has
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been extensively studied (Buzzi et al. 1987; Pichler and
Steinacker 1987; McGinley and Zupanski 1990; and
many others). Although the geometry of the Rockies
is different from that of the Alps, some common fea-
tures of lee cyclogenesis have been observed. One such
feature is the existence of a low pressure system that
dissipates as it crosses the mountain and generates an-
other cyclone farther south on the lee side. Another
important aspect in the initiation of the lee cyclone is
the interaction of topography with the cold front asso-
ciated with the preexisting cyclone due to the reduction
of cold-air advection on the lee side, distortion of the
frontal structure, and the appearance of positive ther-
mal anomalies on the lee side (Buzzi and Tibaldi
1978). At this stage a thermally direct circulation is
generated, converting eddy available potential energy
into eddy kinetic energy, indicating that the develop-
ment of lee cyclones has a strong baroclinic component
(McGinley 1982).

One of the earliest studies aimed at understanding
the effects of mountains in the formation of cyclones
was due to Egger (1972). In this study he used a prim-
itive equation model, and the mountain was represented
by a vertical wall. The results of Egger (1972, 1974)
showed the importance of mean baroclinic flow and the
direct interaction of a preexisting low with topography.
However, the theoretical model of cyclogenesis devel-
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oped by Speranza et al. (1985) shows, in contrast to
that of Egger, that the formation of lee cyclones is re-
lated to the rising and sinking motion associated with
baroclinic waves, not with the mean current.

Hayes et al. (1987) proposed that lee cyclogenesis
is a result of the superposition of a stationary wave
generated by the mountain and a transient baroclinic
disturbance. Mean flow over a mountain range of syn-
optic scale generates a high pressure ridge over the
mountain and a trough of low pressure on the lee side
(Eliassen and Palm 1961; Satyamurty et al. 1980).
Thus, a transient cyclonic disturbance is partially can-
celed as it approaches the ridge. On the lee side, how-
ever, intensification of the transient disturbance is ob-
served because of the superposition of the transient cy-
clone on the mountain trough. Thus, on the lee side of
a mountain, intensification might appear as the gener-
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F1G. 2. Correlation coefficient (%) between unfiltered geopotential height of 1000 hPa at 45°S, 70°W and unfiltered geopo-
tential height of 1000 hPa at every grid point: (a) 2 days earlier, (b) 1 day earlier, (c) at the same time, (d) 1 day later, (¢) 2
days later, and (f) 3 days later. The contour interval is 10%; negative contours are dashed.
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FiG. 3, Correlation coefficient (%) betweén unfiltered geopotential height of 700 hPa at 45°S, 70°W and unfiltered geopotential
height of 700 hPa at every grid point: (2) 2 days earlier, (b) 1 day earlier, (c) at the same time, (d) 1 day later, (e) 2 days later,
and (f) 3 days later. The contour interval is 10%; negative contours are dashed.
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F1G. 4. Correlation coefficient (%) between low-pass-filtered geo-
potential height of 700 hPa at 45°S, 70°W and low-pass-filtered geo-
potential height of 700 hPa at every grid point at the same time. The
contour interval is 10%; negative contours are dashed.

ation of a surface cyclone. This theory of Hayes et al.
(1987) seems to apply to the development of cyclones
over the central region of South America, since a dis-
turbance coming from the Pacific many times seems to
intensify as it moves into the lee side of the Andes and
generates a surface cyclone.

On the other hand, Buzzi and Tossi (1989) and
Buzzi et al. (1990) suggested that lee cyclogenesis is
the effect of the interaction of high-frequency distur-
bances with a mountain. Calculating the fields of au-
tocorrelation coefficients of high-pass-filtered geopo-
tential height data obtained from a quasigeostrophic
model, Buzzi et al. (1990) showed that the high-fre-
quency disturbances passing over the Alps or the Rock-
ies possess structures very similar to those of normal
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Fi6. 5. Correlation coefficient (% ) between unfiltered geopotential height of 300 hPa at 45°S, 70°W and unfiltered geopotential
height of 300 hPa at every grid point: (a) 2 days earlier, (b) 1 day earlier, (c) at the same time, (d) 1 day later, (¢) 2 days later,
and (f) 3 days later. The contour interval is 10%; negative contours are dashed.

modes of the most unstable disturbances obtained by
Buzzi et al. (1987) in a linear quasigeostrophic model
with a mountain. Further, Buzzi et al. (1990) compared
the results of statistical analysis with the horizontal
structures of normal modes of baroclinic waves. They
found a similarity in characteristics such as the exis-
tence of a maximum standard deviation on the lee side,
a minimum standard deviation on the upwind side, and
a dipole in the fields of correlation between high and
low levels.

Hsu (1987) showed that the influence of orography
in the unfiltered data is such that the vertical structure
of the disturbances is equivalent barotropic on the west
side of the mountain, while on the east side it is baro-
clinic. This effect is due to the displacement of the dis-

turbances parallel to the mountains in the lower levels
provoked by the generation of a topographic Rossby
wave (Wallace 1986). These topographic Rossby
waves considered by Hsu (1987), which propagate
along topographic slopes that effectively act as S
planes, are different from stationary planetary waves
(also called topographic Rossby waves) forced by to-
pography on a f3 plane. Hsu also noted that the patterns
of correlation for the unfiltered data show a quasi-sta-
tionary binolar structure on the west of the Rockies,
and on the east there is development of another center
of correl: tion. This development is interpreted by Hsu
as the dispersion of stationary wave energy in two di-
mensions. High-frequency disturbances possess a weak
wesiward inclination with height on the west side of
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later, (e) 2 days later, and (f ) 3 days later. Contour interval 10%; negative contours are dashed. The ‘“X’’ represents the position

of the respective minimum or maximum center at 1000 hPa.

Rockies and a strong westward inclination with height
on the east side. The effect of mountains is also noted
on the trajectory of the high-frequency disturbances.
The trajectory is anticyclonic in the lower levels and at
500 hPa it is parallel to the mean flow at 700 hPa. This
feature is evidence of Rossby waves being generated
by the topography, since in the lower levels the move-
ment is not parallel to the mean flow of the midtropo-
sphere. In the region of the Tibetan Plateau, Hsu ob-
served that the high-frequency disturbances close to the
mountains showed some characteristics of Kelvin
waves such as the small lateral scale and high velocity
of propagation.

The purpose of the present study is to determine how
the Andes affect transient disturbances and if there is

any evidence of orographically induced waves. The
method employed is similar to that used earlier by
Buzzi and Tosi (1989) and Hsu (1987). We propose
to use cross-correlational analysis of unfiltered and
high-pass-filtered geopotential height data. The results
obtained in this study will be compared with the exist-
ing theory of orographic flow modification. As far as
we know this type of study has not yet been performed
for this region.

2. Data and methodology

In this study we used geopotential height data for
1000, 700, and 300 hPa for the period 1 January 1977
31 December 1979. These are the twice-daily analyses
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provided by the National Meteorological Center
(NMC) and are on a 2.5° X 2.5° latitude—longitude
grid. However, because of the short memory of the
computer on hand, only 5° X 5° gridpoint data were
used. Data were missing for the period of 16 June
1977-31 July 1977. Other missing 1-day data were
linearly interpolated.

In the present analysis no attempt is made to separate
the data by season, since we feel that seasonal differ-
ences are not substantial in the Southern Hemisphere
(Palmén and Newton 1969), and as Randel and Stan-
ford (1985a,b,c) have shown that transient baroclinic
disturbances occur in the Southern Hemisphere during
summer also. We made use of unfiltered and high-pass-
filtered data with periods shorter than 5 days. The filter

used is of a Gaussian type with nine points in the time

series and is given by (1) and (2). This filter is essen-

tially the same as that used earlier by Lau and Lau
(1984) and Hsu (1987):
4

X(t)y= Y a.X(t—m)

m=—4
Xu(1) = X (1) = Xi(¢), (2)
where a, = 0.2041636,a_; = a; = 0.1801738,a_, = a,
= 0.1238316, a_; = a; = 0.0662822, and a_,
= a4 = 0.0276306. .
Initially, X, time series were determined by removing

all fluctuations with periods shorter than 5 days. Then
these series were subtracted from the original series to

(1)
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Fi6. 8. The structure and evolution during an entire cycle of the most unstable normal mode (stream-
function) in the lower layer of a two-layer channel model, oriented from west to east (6 plane). Channel
length and width are 10 000 and 6000 km, respectively. The basic-state mean velocity is 17 m s~ in the
upper layer and 0 m s~ in the lower; a sheared component of velocity in the upper layer is added with a
profile cos[7(2y/L, — 1)} and amplitude of 4 m s~*. The mountain range is bi-Gaussian, with maximum
height Hy,., = 2500 m. The H,,,,/e contour is dotted. The six maps are for different times of evolution of the
baroclinic mode but with the same amplitude normalization. The figure is adapted for the Southern Hemi-

sphere. Source: Buzzi et al. (1987).

obtain the high-pass-filtered data. The frequency re-
sponse of the operations is shown in Fig. 1. The pur-
pose of the usage of this filter is to study the behavior
of high-frequency transient disturbances as they ap-
proach the Andes. Correlation maps and the composite
maps were also prepared. The correlations were cal-
culated using the equation

= 20O - JIX( + Ay - X]
(Zly() = yP2X (1 + Ar) - X]2}172

n

forn=1,2....4, (3)
where j is the number of latitude points and i is the
number of longitude points, y(¢) is the time series of a
base grid point, X (¢t + At) is the time series with a
time lag, and At is the time lag with a 12-h interval.
Grid points near the Andes were selected as the base

grid points for computing lag correlations and for com-
positing. Through this analysis the structure and evo-
lution of the disturbances can be determined.

3. Results

Recent studies by Wallace et al. (1988), Hsu
(1987), and others have shown that the fields of lagged
correlations can furnish important details regarding the
evolution and structure of high- and low-frequency dis-
turbances, particularly the effect of mountains on the
low-level circulation. Thus, a base grid point over the
continent (45°S, 70°W) was selected to calculate the
fields of correlations.

Figure 2 shows the map of correlation coefficients
between the unfiltered geopotential height at 1000 hPa
at the base grid point 45°S, 70°W and geopotential
height at all the other grid points at the same level. It
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F1G. 9. Correlation coefficient (%) between high-pass-filtered geopotential height of 700 hPa at 45°S, 70°W and high-pass-
filtered geopotential height of 700 hPa at every grid point: (a) 2 days earlier, (b) 1 day earlier, (c) at the same time, (d) 1 day
later, (¢) 2 days later, and (f) 3 days later. The contour interval is 10%; negative contours are dashed.

can be seen in this figure that there is a wave pattern
on day 0, which propagates to the east with a phase
velocity of about 10° of longitude per day. This pattern
has a wavelength of about 95° of longitude and a me-
ridional scale of 50° of latitude. Phase velocity is cal-
culated taking the movement of center of maximum
correlation between day —1 and day +1 and dividing
by 2. From day —1 through day +2 distortions are seen
in the isolines of maximum correlation on the west side
of the Andes, which can be attributed to mountain and
coastal effects. However, since these distortions are
seen only on the west coast and not on the east coast,
they are more due to the mountain effect than to the
coastal effect. On day 0 (Fig. 2c), the center of max-
imum correlation is extended to north and central Ar-
gentina. In the same map the distortions in the isolines

of correlations possess a wave form reminiscent of the
dipole structure obtained by Speranza et al. (1985) for
the Alps. On day +1 (Fig. 2d) the gradient in the iso-
lines of correlation increases over the Andes, and on
day +2 (Fig. 2e) two centers of maximum correlation
are observed over the continent. Another interesting as-
pect in this evolution is the increase in the meridional
scale of the center of maximumni correlation on the lee
side of the Andes. As mentioned in the introduction,
this result was also observed on the lee side of the
Rockies by Hsu (1987) (see Fig. 2 of Hsu 1987). Ac-
cording to Hsu, this elongation happens because of two
different types of behavior: 1) the more stationary di-
polelike feature with an equivalent barotropic vertical
structure to the west of the Rockies does not move
much during the sequence, and 2) a more baroclinic
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vertical structure along the eastern slopes of the Rock-
ies shows a clear phase propagation. This is an indi-
cation of the superposition of transient baroclinic dis-
turbances upon the stationary Rossby wave generated
by the mountain (Hayes et al. 1987).

Figure 3 is similar to the previous figure except that
it is for 700 hPa. At this level the effect of the Andes
is still present in the distortions of the isolines of cor-
relation and in the elongation of maximum correlation
on the lee side of the Andes. These effects remained
throughout the evolution. The zonal and meridional
scales of the wave are the same as noted earlier for 1000
hPa, although the phase speed is a little less (7.5° of
longitude per day). In Fig. 3, other centers also can be
seen, and the centers located over the Pacific Ocean
remain stationary. This pattern is similar to that shown

in Fig. 4, which is for the low-pass disturbances for day
0. Thus, the unfiltered data represent better the behavior
of low-frequency systems. Since the wave generated
by the mountains depends on the direction of wind that
impinges on the mountains, the quasi-stationary (low-
frequency) flux possesses a more predominant direc-
tion than the high-frequency flux for the formation of
a lee wave.

Figure 5 is constructed in the same way as Fig. 2 but
for 300 hPa. The phase velocity and zonal wavelength
are of the same order of magnitude as those found at
700 hPa. The meridional scale, however, is somewhat
smaller (about 30° of latitude). The centers of maxi-
mum and minimum correlation over the Pacific Ocean
also remain stationary. The wave pattern at this level
is similar to that noted for 700 hPa but does not show
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distortions associated with the mountains effects in the
isolines of the center of maximum correlation. A care-
ful examination of Figs. 3 and 5 (for +1 day) shows a
slight inclination to the west of the elongation between
700 and 300 hPa.

Maps of correlation between the time series of the
base grid point at 1000 hPa and the geopotential height
data at 300 hPa provide information regarding the ver-
tical structure of the disturbance. Figure 6 shows these
maps for the base grid point 45°S, 70°W. Comparing
the positions of centers of maximum correlation in Fig.
6 with those in Fig. 2, one can note that the disturbances
exhibit a slight inclination to the west with height over
the Pacific Ocean. The inclination increases as the dis-
turbances move over South America. Also we can see

in this figure that on day O a center of negative corre-
lation appears on the downwind side of the center of
maximum correlation. A similar situation was also ob-
served by Hsu (1987) for the Rocky Mountains, and
Hsu interpreted this as the result of the dispersion of
Rossby wave energy.

Since the unfiltered data represent the low-frequency
system, it is necessary to use a high-pass filter to verify
the influence of the Andes on the propagation of tran-
sient disturbances of high frequency. Thus, Figs. 7, 9,
10, and 11 are similar to Figs. 2, 3, 5, and 6, respec-
tively, except that the former ones are for high-pass-
filtered data. The purpose of repeating the analysis with
filtered data is to see the horizontal and vertical struc-
ture of high-pass disturbances and their interaction with
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Fic. 12. Trajectory of the center of maximum correlation at 1000
hPa: (a) unfiltered and (b) high-pass-filtered geopotential height
data. Temporal separation of the points is 24 h.

the Andes. In Fig. 7 one can see that the wave pattern
is better defined in the filtered data. The zonal wave-
length on day 0 is 60° of longitude (wavenumber 6)
and is smaller than that seen for unfiltered data. This
figure also shows distortions in the isolines of corre-
lations and elongation of the centers of maximum and
minimum correlation. It can also be seen that from day
0 to day +1 there is a displacement of the center of
maximum correlation toward the north.

The observed characteristics of the wave patterns in
Fig. 7 such as the distortions of the isolines of corre-
lation and the sudden change in the position of the cen-
ter of maximum correlation are very similar to the
structures of the normal modes obtained from the qua-
sigeostrophic theory of lee cyclogenesis proposed by
Buzzi et al. (1987). Figure 8 shows the structure and
evolution of the fastest-growing baroclinic mode due
to the baroclinic instability of a zonal current in the
presence of a meridionally oriented mountain with a
maximum height of 2500 m. In this figure the charac-
teristics of the wave patterns such as the distortion and
sudden change in the position of the low pressure center
can be seen. However, there is one important differ-
ence. The intensity of the highs and lows is the same
in the normal-mode solution. In the centers of maxi-
mum and minimum correlation the intensity is differ-
ent. This difference exists because the model of Buzzi
et al. (1987) is linear while the atmosphere is highly
nonlinear. In addition, asymmetry of terrain, land—
ocean contrast, and analysis or model errors might also
play some role.
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Buzzi and Tosi (1989) and Buzzi et al. (1990) also
noted a wave pattern in the high-frequency anomalies
near the Rockies although the criterion for selection of
data in Buzzi and Tosi (1989) favored lee cyclogene-
sis, and Buzzi et al. (1990) used the data derived from
a simulation with a quasigeostrophic model with to-
pography. In Hsu (1987), who used time series data
for 21 winters, the sudden change in the position of the
centers of correlations as noted in the normal modes of
baroclinic waves in the presence of a mountain was not
observed. This difference could be a result of how the
flow impinges on mountain barriers. The Andes and
the background flow are configured more like the Buzzi
normal-mode experiment than the observations of Hsu
(1987). Thus, the interaction of high-frequency distur-
bances with the Andes is better simulated by the normal
modes in the presence of a mountain.

At 700 hPa (Fig. 9), the phase velocity is 17° of
longitude per day and the wavelength is 60° of longi-
tude. This shows that the high-frequency disturbances
possess a higher phase velocity and a smaller wave-
length than those noted in the unfiltered data. The
mountain effects are clearly seen in this figure as in-
dicated by the elongation of the center of correlation,
the distortion in the isolines, and the appearance of a
secondary maximum around 23°S, 64°W (Fig. 9d).

At 300 hPa (Fig. 10), the centers of maximum and
minimum correlation over the Pacific Ocean propagate
toward the east and are almost symmetric in the north—
south direction. These features are similar to those of
the normal modes over a plane surface. After crossing
the continent, these centers develop a northwest—
southeast horizontal tilt, which is also noted in the un-
filtered data and is similar to what is seen in the
Northern Hemisphere (Buzzi and Tosi 1989).

The analysis of correlation between 1000-hPa geo-
potential height at the base grid point 45°S, 70°W with
all the grid points at 300 hPa (Fig. 11), shows that the
disturbances exhibit a vertical inclination toward the
west of about one-quarter wavelength, which seems to

/N

o — e
Cod ~—

~———

</

FiG. 13. Trajectory of the most unstable normal mode in the pres-
ence of a mountain range—adapted for the Southern Hemisphere.
The mountain range is bi-Gaussian, with maximum height H,,,
= 2500 m. The broken line is the H,,,./e contour. Dots mark position
of cyclonic center at equally spaced times. Source: Buzzi et al.
(1987).
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FiG. 14. Cyclonic system composite with high-pass-filtered 1000-hPa geopotential height data.
The contour interval is 10 m: (a) 2 days earlier, (b) 1 day earlier, (c) at the same time, (d) 1 day later, and (e) 2 days later.

agree with the theoretical results on baroclinic waves
(Charney 1947). The wave train at 300 hPa (Fig. 11)
seems to possess a southwest—northeast orientation in
the horizontal.

The trajectories of the centers of maximum correla-
tion at 1000 hPa for the unfiltered and filtered data are
shown in Fig. 12. In these two cases the trajectory of
the disturbances is anticyclonic. For the unfiltered data,
the flow on an f plane would provide a mountain-in-
duced anticyclone that could explain the trajectory
shown in Fig. 12. However, the anticyclonic turning of

the trajectory for the filtered data is similar to that ob-
tained by Buzzi et al. (1987) (Fig. 13) and is consistent
with a Rossby wave. This Rossby wave could simply
be associated with the 8 effect. But the distortions in
the trajectory suggest that the Rossby wave could be a
topographic Rossby wave in which the terrain slope
provides an effective S.

The correlation maps presented here do not show
differences between the negative and positive anoma-
lies. However, climatological studies show that extra-
tropical cyclones formed between 15° and 40°S prop-
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Fig. 15. Anticyclonic system composite with high-pass-filtered 1000-hPa geopotential height data.
The contour interval is 10 m: (a) 2 days earlier, (b) 1 day earlier, (c) at the same time, (d) 1 day later, and (e) 2 days later.

agate toward the southeast (Gan 1992; Gan and Rao
1991) and anticyclones move toward the northeast
(Lima 1991). Thus, it is necessary to construct com-
posite maps separately for positive and negative anom-
alies. The criterion used to construct these maps is to
select the filtered geopotential height data at 1000 hPa
for the days when positive (negative) anomalies pos-
sess values exceeding or equal to two standard devia-
tions above (below) the mean. Figure 14 shows the
cyclone system composite at the 1000-hPa level for 61
cases of negative anomalies at the base point. It can be
seen that there is a tendency for the disturbances to
intensify over the eastern Pacific Ocean and over South
America. It can also be noted that on days 0 and +1
(Figs. 14c,d) there exists a division of the negative
anomalies—one center moves to the north of Argen-
tina and the other center moves over the Atlantic

Ocean. Other characteristics seen in the correlation
maps such as the distortion of the isolines and the elon-
gation of the anomalies on the lee side of the Andes
are also observed.

Figure 15 shows the anticyclone system composite
at 1000 hPa for 40 cases of positive anomalies at the
base grid point. The characteristics of this figure are
similar to those seen earlier at 1000 hPa in Fig. 7, in-
cluding the northward displacement of the center of
maximum geopotential height seen in Fig. 16. This in-
dicates that the correlation analysis represents well the
evolution of an anticyclone. Examination of surface
synoptic charts for the South American region confirms
this type of behavior for the transient anticyclones as-
sociated with a cold front.

The existence of a wave train of centers with a semi-
circular orientation can be seen in the cyclone system
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FiG. 16. Trajectory of anomaly at 1000 hPa: (a) positive;
(b) negative. Temporal separation of the points is 24 h.

composite at 300 hPa (Fig. 17). This pattern intensifies
from day —2 to day —1 (Figs. 17a,b). On day 0 (Fig.
17c), the centers of positive and negative anomalies
over the continent and west coast both intensify. From
day +1, this wave train moves in a zonal direction. It
can be seen that the anomalies tend to intensify over
the Pacific Ocean as they approach the west coast of
South America. Comparing the positions of the centers
of the anomalies at 300 hPa with those at 1000 hPa
(Fig. 17 and Fig. 14), one can note that the anomalies
incline toward the west with height by about one-quar-
ter wavelength. This feature is also observed in the cor-
relation maps. Figure 18 is similar to Fig. 17 except
that it illustrates the anticyclone system composite. In
this case the wave train does not possess a semicircular
orientation, but the orientation is from northwest to
southeast on day —2 (Fig. 18a), and on days 0 and +1
it changes to a zonal direction. Another point that has
to be stressed here is that the 1000- and 300-hPa-level
anomalies grow practically at the same time, although
they weaken first in the lower levels.

4. Summary and' discussion

The analysis of cross correlation of geopotential
height is shown to be an efficient tool in studying the
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spatial and temporal characteristics of transient distur-
bances and their interactions with the mountain (Hsu
1987; Wallace et al. 1988). This method is successful
because the disturbances maintain a spatial coherence
longer than their wavelength and a temporal coherence
larger than their period (Buzzi et al. 1989).

The analysis of correlation of unfiltered geopotential
height, using a base grid point to the east of the Andes,
shows a wave pattern that represents well the pattern
of low-frequency anomalies. This wave pattern prop-
agates eastward and shows orographic effects after
crossing the Andes, such as the distortions in the iso-
lines of correlation and elongation of the center of max-
imum correlation. These distortions might also be due
to the thermal contrast between the ocean and the con-
tinent on the west coast. However, since these distor-
tions do not appear on the east coast and since they are
clearly seen in the normal modes in the presence of
mountains (Fig. 8), it can be concluded that these dis-
tortions are due to the presence of mountains.

Frederiksen and Frederiksen (1991) studied the role
of orographic forcing in a spherical barotropic quasi-
geostrophic instability model. Their results show that
topography can promote the growth of perturbations
either through a form drag mechanism, which modifies
the globally averaged angular momentum of the basic
state, or through its action as a catalyst that can initiate
wave—wave interactions between the basic state and
the disturbance while leaving the globally averaged an-
gular momentum unchanged.

Using a primitive equations model in sigma coordi-
nates, Bratseth and Breivik (1988) developed a theory
for lee cyclogenesis. According to them, when a baro-
clinic zone passes over a high mountain, the thermal
field will be deformed and some kind of development
will take place. They also suggested that the degree of
deformation and cyclogenesis depends heavily on the
possibility of resonant interaction between the oro-
graphic forcing and the baroclinic waves. Thus, the dis-
tortions in the isolines of correlation noted in Figs. 2,
3,7,9, 14, and 15 might be associated with the resonant
interaction between the topographic Rossby wave and
baroclinicity.

The elongation of the center of maximum correlation
and a westward inclination with height observed in
Figs. 2 and 5 are due to the interaction of the baroclinic
disturbance with the stationary wave generated by the
mountains. It has been shown by several authors (Lon-
guet-Higgins 1968; Rhines 1969; Johnson 1984) that
the first eigenmode of a topographic Rossby wave ex-
hibits a spatial scale comparable to that of the topo-
graphic features. Unlike the higher modes, these modes
are rather insensitive to the fine structure of the topo-
graphic features. Since the lateral scale noted in the
isolines of correlation maps seems to be comparable to
the topographic features, the waves noted in the cor-
relation field could be interpreted as smooth topo-
graphic Rossby waves.
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FiG. 17. Cyclonic system composite with high-pass-filtered 300-hPa geopotential height data. The contour interval is 10 m:
(a) 2 days earlier, (b) 1 day earlier, (c) at the same time, (d) 1 day later, and (e) 2 days later. The ‘“X’’ represents the respective

minimum or maximum center at 1000 hPa.

The wave pattern observed in the correlation of un-
filtered geopotential height data shows a slight incli-
nation to the west in the vertical over the Pacific Ocean
and a strong inclination to the west in the vertical over
the eastern part of the Andes indicating the effect of
baroclinicity. This increase in baroclinicity results in
baroclinic development as shown in a linear quasi-
geostrophic model including a mountain range aligned
in the north—south direction (Buzzi et al. 1987).

The same statistical analysis performed for high-
pass-filtered data for the base grid point 45°S, 70°W
revealed the existence of a wave pattern that propagates
eastward with a spatial scale smaller than that noted for
unfiltered data and shows an inclination of about one-
quarter wavelength between the 1000- and 300-hPa
levels. The centers of correlation show distortions in

the isolines of correlation, elongation of the center of
maximum and minimum correlation, and a displace-
ment of the center of maximum correlation toward the
north. This horizontal structure is similar to the most
unstable normal mode in a two-layer, quasigeostrophic,
B-plane, linear model with a mountain range placed in
a north—south direction, obtained by Buzzi et al.
(1987). These results confirm the presence of cyclo-
genesis on the lee side of the Andes. Although some
of the results presented here are consistent with the
depictions of the fastest-growing normal modes, pres-
ent theories do not seem to adequately describe lee cy-
clogenesis. This is particularly so in the Alpine cyclo-
genesis (Tafferner and Egger 1990).

The composite charts of cyclone and anticyclone
system showed that the positive and negative anomalies
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Fic. 18. Anticyclonic system composite with high-pass-filtered 300-hPa geopotential height data. The contour interval is 10
m: (a) 2 days earlier, (b) 1 day earlier, (c) at the same time, (d) 1 day later, and (¢) 2 days later. The ‘X’ represents the

respective minimum or maximum center at 1000 hPa.

possess the same trajectories, although Gan and Rao
(1991) noted that extratropical cyclones move toward
the southeast, and Lima (1991) noted that anticyclones
move toward the northeast. Wallace et al. (1988) ob-
served that the trajectories of positive and negative
anomalies in the Northern Hemisphere are similar and
“they generally tend to travel along the waveguides.
The positive and negative anomalies also show a ten-
dency to intensify over the eastern Pacific Ocean near
South America. The intensification of the anomaly oc-
curs over all the pressure levels at the same time, but
the decay of the anomaly occurs first at lower levels.
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