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Abstract Based on previous observational studies of the
mean atmospheric circulation leading to generalized frosts
(GF) in central Southern South America, it is possible to
establish a hypothesis that specific large scale patterns are
associated to the frequency of occurrence of these events
through the propagation of Rossby waves remotely excited.
This hypothesis is tested here through a teleconnection
analysis for austral winters which present an extreme fre-
quency of occurrence of GF in southeastern South Amer-
ica, particularly over the Wet Pampa area in Argentina.
Rossby wave propagation regions are identified for two
basic states given by the composition of winters with
maximum and minimum frequency of GF occurrence,
during the 1961-1990 period. The stationary wavenumber
K, indicates the regions where the Rossby wave propaga-
tion is permitted and those where it will be inhibited
(K, = 0), highlighting the importance of the jets as wave-
guides. Nevertheless, differences exist between both basic
states analyzed. These differences indicate that the loca-
tions for wave generation and its later evolution are con-
ditioned by the basic state. Results are validated through a
baroclinic model, which simulates the Rossby wave pat-
terns responsible for the teleconnection. Numerical exper-
iments confirm that the principal wave activity takes place
inside the subtropical and polar jets. In particular, for the
basic state with maximum frequency of GF occurrence, the
wave trains propagating inside the subtropical and polar
waveguides merge just before entering the continent, as
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shown by the observations prior to the occurrence of GF
events. This configuration favors the development of an
intense south wind anomaly with large meridional exten-
sion which results in the intensification of anticyclonic
circulation in southern South America. A conceptual model
is presented to summarise all these results.

1 Introduction

The identification of teleconnection patterns and the anal-
ysis of their effect on the horizontal structure of the
atmospheric circulation can be very useful to understand
anomalous events in many regions of the world. Local
forcing in specific places can influence remote regions
through organized structures in form of waves. One way to
analyze this wave propagation is using the stationary
Rossby wave linear theory in a barotropic atmosphere.
Previous studies on atmospheric teleconnection patterns
have shown that linear wave theory may explain some of
the observed low-frequency variability (e.g. Hoskins and
Karoly 1981). Using a climatological December—January—
February (DJF) basic flow and a simple barotropic model,
Hoskins and Ambrizzi (1993) examined the preferred tra-
jectories followed by Rossby waves around the globe. For
instance, through the analysis of climatological stationary
wavenumber fields (K,) they found that the upper level
tropospheric jets can act as waveguides in the atmosphere.
In particular, during the Southern Hemisphere winter
(June—July—August, JJA), Ambrizzi et al. (1995) have
numerically demonstrated using a barotropic model that the
subtropical and polar jets have such characteristic. Using
a multi-level primitive equation model, Ambrizzi and
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Hoskins (1997) indicate that the essential characteristics
obtained by the barotropic analysis of the Rossby wave
propagation over the sphere are also valid for a three
dimensional basic state. The authors suggest that the
atmospheric dynamics at large scales can be qualitatively
interpreted through the linear wave theory.

The importance of the jets as waveguides has also been
observed by Berbery and Vera (1996) who have shown
that synoptic-scale waves propagate over the South Pa-
cific Ocean along two main paths. This is also evident in
the propagation of the wave trains which reach South
America and can cause a severe drop of surface temper-
ature and therefore are responsible for frost in large parts
of the South American continent (Miiller et al. 2005).
Through an atmospheric circulation analysis during gen-
eralized frost (GF) events in central southern South
America, Miiller et al. (2005) showed that for the winter
with maximum frequency of GF occurrence in the
Argentinean Wet Pampas (Pampa Hiumeda) the wave
trains propagation along the Pacific coincide with the
position of the subtropical and polar jets. An interesting
feature of these wave trains is their phase coincidence just
before they reach South America. This condition is only
present prior to a GF event as shown in Fig. 1, adapted
from Miiller et al. (2005). It is seen in the figure that this
configuration favors the development of an intense
southerly wind anomaly with large meridional extension
that intensifies the anticyclonic circulation over its area of
influence and contributes to a marked meridional polar air
outbreak into the continent. In particular in the day 0
(Fig. 1d), there is anomalous southerly flow over the
study region, so that the cold and dry air favors the frost
development over the Wet Pampa.

In general the relationship between wave propagation
patterns and cold outbreaks over South America found in
the literature was always associated to the existence of one
wavetrain (e.g., Marengo et al. 1997; Cavalcanti and
Kayano 1999; Vera and Vigliarolo 2000). In particular the
less persistent GF events, recently studied by Miiller and
Berri (2007) also show this feature, i.e. an arc-shaped wave
train that starts in the central-eastern Pacific Ocean and
propagates across the midlatitudes of the Southern Hemi-
sphere, initially poleward and then curved towards the
Equator. Upon reaching the continent, the wave train
continues to propagate of the NE affecting all the southern
cone of South America. However, a double wavetrain
seems to be a characteristic of more persistent GF events
(Miiller and Berri 2007) as well as of more frequent GF
events, as shown by the results of Miiller et al. (2005).
These characteristics are not only seen in the composite of
the observed GF events but also in the individual cases, for
example the one shown in Miiller and Berri (2007) in
which the double wave train is clearly seen (Fig. 15 of this
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Fig. 1 Composites of meridional wind anomaly fields from day -3 to
day O at 250 hPa (a-d) for GF events in the winters of maximum
frequency of occurrence. Positive (negative) contours is in full
(dotted) line at 2 ms™" intervals. The shaded areas are significant at
the 99% level according to the Student’s r-test (adapted from Miiller
et al. 2005)

last paper). Therefore, the most ‘‘conspicuous’” GF events
are associated to a double wave train with phases which
coincide prior to the occurrence of such events to the west
of the South American continent.

As mentioned by Hoskins (1983), teleconnection studies
are a good example of the relationship between observa-
tions theory and models. Using the linear wave theory and
numerical experiments with a baroclinic model, this study
will analyze the dynamical conditions for the wave phase
coincidence prior to the occurrence of GF over the central-
southern South America. For that purpose the winters with
extreme GF frequency are selected and analyzed. Sec-
tion 2.1 provides a brief description of the criterion and the
data used for this selection. Based on the linear wave
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theory, described in Sect. 2.2, we present in Sect. 3.1 an
analysis of the main characteristics of the atmospheric
basic flow during the winters with extreme GF frequency:
maximum and minimum frequency of GF occurrence. In
particular, the physical aspects revealed by the basic state
with maximum frequency of GF are employed to define the
numerical experiments presented in Sect. 3.2. The multi-
level primitive equation model used for these simulations is
briefly described in Sect. 2.3.

All these elements—observational and numerical results
and theorical aspect—are used to visualize a conceptual
model of the teleconnection patterns in order to explain the
atmospheric physical mechanisms responsible for GF
occurrence during the austral winters with maximum fre-
quency of such events. In the Sect. 4 is presented the
conceptual model and the summary of the main results and
conclusions is given in Sect. 5.

2 Data and methodology

2.1 Data and criterion for the selected generalized
frosts events

Following Miiller et al. (2000), the spatial criterion used to
select GF events is defined as days on which surface
temperature below 0°C is recorded at more than 75% of the
meteorological stations in the wet Pampas in Argentina, a
domain defined between 27°, 40°S and 65°, 57°W (details
on the selection of frosts and their position can be found in
Miiller 2006). This region is an extended plain of over
750,000 km? with a very important agriculture production.
The GF events have a spatial representativeness which, in
principle, would make the sample homogeneous and spe-
cifically independent from the intensity of regularly cold
waves that affect the region, its latitudinal penetration or its
persistence (Miiller et al. 2005).

Miiller et al. (2000) and Miiller (2006) showed that
there is a great interannual and interseasonal variability
of frosts in the central-east part of southern South
America. Therefore, to understand the large scale atmo-
spheric circulation associated with these cold episodes,
Miiller et al. (2005) isolated those years of extreme
frequency of frost occurrence. A maximum (minimum)
frequency of GF occurrence is considered when frosts
are one standard deviation (o) above (below) the mean
values during the austral winter (JJA) for the period
1961-1990 (GF +¢ and GF -0, respectively). The anal-
ysis of the atmospheric basic flow in the following
sections will be based on the composites of the GF +a
and GF —o winters. The NCEP reanalysis data with a
horizontal resolution of 2.5° of latitude and longitude are
used in the analysis.

The years and the number of the GF occurrences above
(GF +0) or below (GF -0) one standard deviation from the
average number of events are shown in Table 1. It is
interesting to notice that there can be as much as 14 GF
events in 1 year or none in others. The composition of these
individual events (see Miiller et al. 2005, for a detailed
description of the selection criteria) is shown in Fig. 1.

2.2 Stationary wavenumber

According to Kiladis (1998) a useful diagnostic tool to
represent the mean background state in which the transients
are embedded is the calculation of the stationary Rossby
wavenumber which is given by Ks = (ff*/ U)l/ * where
B =p—0*U / Oy?is the meridional gradient of absolute
vorticity associated with the basic state and K| is the total
wavenumber at which a barotropic Rossby wave is sta-
tionary at a particular location in a given background zonal
flow (U). Hoskins and Ambrizzi (1993) and others showed
that the distribution of K can be used to infer the location
of critical lines and waveguides for stationary Rossby
waves. For example, zonally oriented regions of relative
high values of K; bounded by lower values to the north and
south (usually associated with strong jet streams) indicate
sectors favorable for guiding Rossby waves. Although the
waves studied here are clearly not stationary, Yang and
Hoskins (1996) show that a modified K (total wavenumber)
for transient waves can still give useful information on the
dependence of nonstationary eddy activity on the back-
ground state. Here we will use K, to give a qualitative
picture of the effects of the basic state flow within the
westerly duct on the subtropical and polar wave propaga-
tion and a first assessment of the impact of the GF basic
flow on the dynamical structure relevant for the Rossby
wave dispersion.

2.3 Baroclinic model

In order to test the generation of extratropical wave
patterns which favor the development of extreme cold

Table 1 Years of maximum (+¢) and minimum (—o) frequency of
GF occurrence and number of events

JJA N
+0 1970 11
1976 14
1988 13
- 1968 1
1973 0
1982 2
1986 0
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events over the southeast of South America, numerical
simulations using a primitive equation model were car-
ried out. The baroclinic model used in the present study
was originally developed by Hoskins and Simmons
(1975), and extensively used in the study of large scale
circulations forced by convective sources (e.g., Ambrizzi
and Hoskins 1997; Cavalcanti 2000; Marengo et al.
2002). Although the model is dry and do not include any
physical process linked to the phase change of water
vapor, many aspects of the atmosphere dynamics can be
reproduced from synoptic scale systems (Hoskins and
Simmons 1975) to large scale perturbations (Valdes and
Hoskins 1989). The model has a global domain, is
spectrally truncated with a total zonal wavenumber 42
(T42) and it has 12 vertical sigma levels. It also includes
horizontal and vertical diffusion and Newtonian cooling
(see Jin and Hoskins 1995, for details). For initial con-
dition it uses geopotential height, zonal and meridional
wind and temperature. Further details of the model will
be given in Sect. 3.
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3 Results

3.1 Basic state during winters with extreme GF
frequency

Rossby waves propagation depends on the basic state in
which they propagate and on the source generating these
waves (Ambrizzi et al. 1995). Therefore, the basic state
which represents winters with highest frequency of GF
occurrence, i.e. +0, must have particular characteristics
which favor the formation of GF. In an analogous way,
winters with minimum frequency of GF occurrence, i.e. —a,
must present conditions which do not favor the formation
of GF. Consequently, in this section, both basic states, +c y
—o, will be studied following the linear Rossby wave
theory.

The main basic state features for +¢ and —¢ are depicted
in Fig. 2. Figure 2a (+o winters) shows the mean zonal
wind at 250 hPa where the maximum values are around
30°S extending from the Indian Ocean to the Pacific

0  30E 60  9OE 120 150 180  150M  120W  9OW  6OW  30W O
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Fig. 2 Zonal wind component at 250 hPa (continuos lines, ms™!) for
the austral winters +¢ (a) and —o (b) composities; meridional gradient
of absolute vorticity (f33,) in mercator coordinates at 250 hPa, for the
austral winters +o (c¢) and —o (d), where dotted lines indicate negative
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values and lines are drawn every 1 x 107''s™' m™'. Stationary
wavenumber K; at 250 hPa corresponding to +o (e) and —o (f)
austral winters, where thick contours indicate singular values and

dotted lines represent K, = 0
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Ocean. The core maximum is around 50 ms™' and it is

located in the eastern Indian Ocean, being displaced 60° to
the west of the climatological reference mean (winter JJA
1961-1990). The 35 ms~' isotach reaches the South
American continent with a second nucleus which extends
southeastwards from southern South Africa. An outstand-
ing characteristic is the zonal wind gradient in the region of
the southwestern Indian Ocean. At high latitudes the zonal
wind maxima, between 20 and 25 msﬁl, are located along
the 60°S; the polar jet position is also different from that of
the climatology with a ‘‘tongue’’ towards South America
with a longitudinal extension closer to the continent.
Fig. 2b (-0 winters) shows a subtropical jet divided in two
zones, one from the Atlantic Ocean up to South Africa and
other from the Indian Ocean until the central Pacific. The
subtropical jet has two maxima in this case, one centred
around 30°S to the southwest of Australia and the other at
approximately 180° longitude. South of the latter, just on
the date line, there is a secondary zonal wind maximum.

The region where the jet exhibits its highest values is
where the meridional gradient of absolute vorticity reaches
its maximum, with minima to the north and south of the jet.
Figure 2c, d show the meridional gradient of absolute
vorticity which is drawn in Mercator coordinates (f3; as in
Hoskins and Ambrizzi 1993). It can be seen that the
maximum gradients of f;, coincide with the zonal wind
maximum regions (Fig. 2a, b); while the minimum gradi-
ents, with zero and even negative values, are found in the
polar and equatorial sides of the subtropical jet.

The geographic distribution of the stationary wave
number (Kj) defined in Sect. 2.2 is shown in Fig. 2e, f. The
zero wind contours (U = 0) are presented in bold in the
figure while those corresponding to zero K (i.e. fp; = 0) in
a dotted line. The equatorial belt is dominated by a sector
where the propagation is inhibited due to the presence of a
transition from westerly to easterly flow, which forms a
““critical line’’ to the propagation of stationary Rossby
waves. This region is marked with thicker lines in Fig. 2e, f
indicating high wave number values (K; = 20). A local
maximum of K in the region of maximum zonal winds, i.e.
along the subtropical jet, show wave numbers 6 and 7 in
both winter groups. This region also contains uniform
values of K; meridionaly limited by smaller ones.

In the polar side of the subtropical jet the presence of
K, = 0 inhibits the propagation of Rossby waves through it,
because according to the wave theory, they must deviate
before reaching this region. There the K = 0 line can act as
a waveguide boundary. An interesting feature in this last
case is the difference in the longitudinal extension of K for
+0 (Fig. 2e) with respect to —¢ (Fig. 2f). In the first map
this region extends very near to the South American con-
tinent. However, the K| pattern for the —o winters (Fig. 2f)
shows a shorter extension of the waveguide duct, besides of

a region of zero K; between 35 and 40°S in the west of
Argentina which coincides with the main entrance region
of weather systems over South America (Garreaud 2000;
Seluchi and Marengo 2000, among others). This feature is
not seen in the +¢ case and it may have some influence on
the Rossby wave propagation path and, therefore, in the
events analyzed.

In order to better visualize the characteristics of K, in the
+0 and —o winters, meridional profiles at different longi-
tudes are shown in Fig. 3. The first profiles were positioned
in the region of entrance of synoptic systems over the
South American continent, which are important to frost
events, and is centered at 85°W (Fig. 3a). In the right pa-
nel, corresponding to —a, a discontinuous curve with zero
value of K; between 35 and 40°S approximately is ob-
served. Compared to +o¢ (left panel), the meridional profile
of K decreases towards higher latitudes with peak with
wave numbers between 3 and 4 around 40°S, in the lati-
tudes where —o presents null values (Fig. 3b). This local
maximum acts as a weak wave guide. So, while Rossby
waves in the +a cases can propagate in the region, they will
be inhibited in the case of —¢ basic state. The other selected
longitudes for the K analysis (Fig. 2e, f) are: 110°W,
which refers to the exit region of the subtropical jet; 170°E
and 120°E which coincide with the maximum intensity of
the polar and the subtropical jets; and finally 45°E which is
related to the secondary maximum of the zonal wind
component of +o to the southeast of South Africa (see
Fig. 2a). When looking at the K, profiles (Fig. 3b—e),
basically two bands of latitudes present the maximum
values in the +o (left panel) and —o (right panel) winters.
They correspond to the latitudes of the polar and subtrop-
ical jets. These regions act as waveguides for the Rossby
waves (e.g., Berbery et al. 1992; Ambrizzi et al. 1995;
Ambrizzi and Hoskins 1997). The wave propagation in the
subtropical jet has shorter wavelengths with numbers 6 and
7. On the other hand, longer wavelengths are observed in
the polar jet with wavenumbers around 3 and 4 (Fig. 3c, d).
Moreover, the K; profiles for higher latitudes present values
gradually reaching zero, coinciding with the results ob-
tained by Karoly (1983) for a climatological austral winter
basic state.

Based on Fig. 3, some hypothesis arise from the analysis
of the possible trajectories that can be followed by the
different waves in each basic state, +¢ and —g. Along the
Pacific Ocean (Fig. 3c, d) waves will clearly be trapped by
the subtropical and polar jets, where the maximum in Kj is
flanked by minima values. Over the Indian Ocean (Fig. 3e),
the wave trapping is less intense, though one can still see
the presence of two waveguides. However, the most
important differences in the K, meridional profiles occur
near the South American continent, between 85 and 110°W
(Fig. 3a, b, respectively). Just before waves can reach the
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Fig. 3 Stationary wavenumber
(K,) meridional profiles at 85°W
(a), 110°W (b), 170°E (c),
120°E (d) and 45°E (e)
corresponding to +a (left panel)
and —o (right panel) austral
winters
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continent, the waveguide for the +o basic state is well
defined, with two peaks of K, separating the subtropical
and polar waves. However, over the continent (Fig. 3a, left
panel), one cannot see any clear separation which means
that the waves may interact with each other. A reverse
pattern is observed for the —¢ basic state. The waveguide
near the continent (Fig. 3b, right panel) is not too intense
and the subtropical and polar waves are free to propagate in
this region. However, over the continent (Fig. 3a, right
panel), there is a clear separation of propagation paths,
which suggest that wave interaction in the South of South
America is more difficult.

All the elements mentioned above support the basic
hypothesis of this study, that is, the occurrence of extreme
cold events in the Wet Pampa, Argentina, is influenced by
large scale atmospheric circulation patterns. In particular,
depending on the basic state where the Rossby waves are
propagating and therefore the position of the atmospheric
waveguides, there can be an interaction between subtrop-
ical and polar waves over the South American continent
and the generation of a right environment for the occur-
rence of a GF in the Wet Pampa.

Based on the observational results obtained by Miiller
et al. (2005) and the linear wave theory discussed so far,
using the atmospheric basic state composites for winters
with maximum and minimum frequency of GF, next sec-
tion will present some results from numerical simulations
produced by a simple baroclinic model. The focus of the
experiments is to determine physical mechanisms inter-
vening in the large scale dynamics which leads to extreme
cold events causing the GF events.

3.2 Modeling experiments

In this section, we describe simple baroclinic modeling
experiments that were performed in order to verify the
large scale atmospheric patterns responsible for the GF
events, in particular, the interaction of the Rossby waves
propagating through the subtropical and polar waveguides.
The model uses a thermal forcing with a horizontal elliptic
structure and fixed position (latitude and longitude) to
perturb the atmosphere. The heating has a vertical profile
with the amplitude following a cosine function, with a
maximum at 400 hPa level, corresponding to a 5°C day™".
The role of the heat source is solely to excite the Rossby
waves, acting as a wave maker, and it is associated to mean
atmospheric conditions arising from the linear analysis of
the +o basic state (see Sect. 3.1).

The model was integrated for 14 days being enough to
acquire a stationary pattern. The anomaly patterns to be
shown from the numerical results are obtained from the
difference between the day 14 of integration and day O,
which represent the basic state before the heating forcing is

initiated. More details about the model can be found in
Ambrizzi and Hoskins (1997) and references therein.

3.2.1 Basic state of maximum GF frequency (+0)

Section 3.1 showed that the +o¢ basic state contains the
subtropical and polar jets and that they can act as wave-
guides. In particular the presence of the polar jet seems to
play a relevant role in the waves reaching South America
during winters. Taken these aspects into consideration the
forcing in the first experiment was positioned at 45°E,
40°S. The position of this forcing is first chosen in a region
with a relative maximum in the zonal wind for the +o¢ basic
state (see Fig. 2a). It is situated approximately downstream
of the area where the zonal wave number (Kj) is zero (see
Fig. 2e), i.e. where the meridional absolute vorticity gra-
dient (f8y) is zero or negative (see Fig. 2c).

Similar experiment by using a basic state composed by
winters—May to September—of the Southern Hemisphere
(1980-1985), was done by Berbery et al. (1992) who
identified a reflective zone (i.e. with negative absolute
vorticity meridional gradient) south of the subtropical jet,
which acts as deflector of the wave energy from that re-
gion. Through observations and numerical simulations they
showed that the wave train to the southwest of Australia is
divided and guided by the subtropical and polar jets to-
wards the east. A similar result was found for a +¢ basic
state simulation for the source at 45°E, 40°S as depicted in
Fig. 4. This forcing generates a wave train which splits in
two and propagates along the respective jets following
basically a zonal trajectory. Although the trajectories along
both jets acquire certain anticyclonic curvature in the
central Pacific, they do not join in the southeast Pacific,
reaching the South American continent separately. The
positive meridional wind anomaly only affects the southern
cone of Argentina (see Fig. 4).

From the comparison between Figs. 4 and 1, it is clear
that the simulated wave pattern does not agree with the
observational analysis found by Miiller et al. (2005). There
is some suggestion that the energy propagating inside the

60S

120E  150F 80 150w 120w

Fig. 4 Meridional wind component anomalies (ms™') at 250 hPa for
day 14 of integration, corresponding to the simulation of +¢ basic
state with a forcing at 45°E, 40°S (see black dot in the figure).
Contour interval is 2 ms™
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waveguides was not strong enough to generate the right
environment for the GF event. Hence, another heating
source is added to the experiment in order to verify the
hypothesis. The position of the new forcing is closed to the
subtropical jet entrance in the tropical Indian Ocean (see
Fig. 2a), upstream of the principal zonal wind maximum,
i.e., at 40°E, 20°S. Ambrizzi et al. (1995) in an observa-
tional and numerical analysis on teleconection patterns for
a basic state composed of austral winters, demonstrate that
this region in particular presents a strong teleconnection
with South America, where a perturbation in this region
generates Rossby waves that propagates along the sub-
tropical jet in the Pacific Ocean until it reaches South
America. This result is also in agreement with the lag
correlation analysis performed by them, who concluded
that regions with strong teleconnectivity tend to be oriented
in the zonal direction coinciding with the position of the
principal jet. Moreover, the patterns they simulated are in
good agreement with the results of the teleconnectivity
analysis. These results motivated the election of the point
40°E, 20°S as the position for the addicional forcing. Thus,
the following experiment considers two forcings in the
south Indian Ocean, one at the entrance of the principal
zonal wind maximum (40°E, 20°S) and the other situated
in a secondary zonal wind maximum (45°E, 40°S), both
observed during +¢ winters (see Fig. 2a).

Figure 5a shows the meridional wind anomalies at
250 hPa, and depicts a wave train at approximately 30°S
propagating from the central Indian Ocean across the Pa-
cific Ocean, guided by the subtropical jet. In subpolar lat-
itudes, another wave train propagates across the south
Pacific towards the Atlantic Ocean. Their phases coincide
in the Pacific eastern sector, being remarkable the meridi-
onal extension of the anomalies over the Andes. In the
observational analysis of +¢ winters daily composites of
GF events presented in Fig. 1, it is possible to observe the
evolution of wave trains propagating along jets that, pre-
vious to GF events, their phase coincide before entering the
continent (Fig. 1a, b). From this moment onwards the wave

intensifies and continues to evolve propagating northeast-
ward. The configuration of the anomaly patterns simulated
by the baroclinic model is very similar to the observed one,
not only at upper levels but also in the lower levels
(Fig. 5b). However, a closer look to this pattern indicates
that the stationary response of the model is similar to Day —
2 (Fig. 1b) rather than the Day O of the observational
pattern associated with frost (Fig. 1d). It is possible that a
favorable environment in terms of basic state may be
formed before the occurrence of the frost event, meaning
that the position of the waveguides to generate the wave
phase coincidence happens a couple of days before the GF.
In fact, the stationary response of the model only suggests
that given a proper basic state, the perturbed wave propa-
gation will generate an atmospheric circulation close to
South America that may favor the GF events. The inter-
action between the low frequency and the transients is a
more complex matter which is currently been investigated
and it can not be solved by the simple baroclinic model
used in this study.

Based on the K| field (Fig. 2e), the trajectory followed
by the waves was already expected. As it was discussed,
the separation between the subtropical and polar wave-
guides ends before the south cone of South America. On
the other hand, over the continent, around 35°S, 70°W,
there is a K, minimum zone, which forces the waves
coming from the subtropical region turning to the north and
south (see Fig. 5a). This is due to one of the most important
implications of the Rossby wave linear theory, they sepa-
rate from regions where the basic flow determines low
stationary wave numbers (Kj).

In fact, this configuration is consistent with Fig. 2e
where to the north of the minimum K, there are discrete
local maximum centres of K| to the east of 90°W and this
maximum belt has K; = 6-8, larger than the south maxi-
mum belt around 40-45°S which has K = 4. It seems that
the subtropical wave train splits into two when it meets the
K, minimum zone, with smaller (larger) scale wave activity
propagating to north (south) and the later being crucial for
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Fig. 5 Meridional wind component anomalies (ms~') at 250 hPa (a) and at 850 hPa (b) for day 14 of integration, corresponding to the
simulation of +¢ basic state with two forcings: at 40°E, 20°S and 45°E, 40°S. Contour interval ia 2 ms~
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Fig. 6 Wind vector anomalies (ms™") at 250 hPa (a) and 850 hPa (b) for day 14 of integration, corresponding to the numerical simulation
1
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+0 events when it meets the polar wave. This configuration
creates the right environment for the wave phase coinci-
dence over the south of South America.

The phase coincidence is important because it favors the
polar air advection over the southern part of the continent
which generates the conditions for a continuous drop of
surface temperature over an extended region. This feature
is fundamental in the development of the GF and it is
observed in the simulated wind anomalies depicted in
Fig. 6. In fact, this figure is similar to the observed +o GF
composites showed by Miiller et al. (2005, see their
Fig. 10). Figure 6a shows an upper level positive zonal
wind anomaly in high latitudes associated with the polar
jet. Another extended positive anomaly is observed at
subtropical latitudes, with its maximum on the oriental side
of the continent and the adjacent Atlantic Ocean. There is
also a negative anomaly to the south. They both have
values with the same order of magnitude as those observed
during +¢ GF composites. In the lower levels (Fig. 6b) the
position of the anticyclone at the southwest side of the
South American cone, clearly favors the polar air advection
towards the Wet Pampa in Argentina.

All these circulation features will lead to a decrease in
surface temperature, which is confirmed by the negative
temperature anomalies in the northern part of Argentina
(Fig. 7a). The magnitude of these anomalies indicates a
considerable decrease in surface temperature over the Wet
Pampa region, over an area quite similar to that when there
is a GF event. As mentioned before, this situation is caused
by an anticyclonic anomaly southwest of the continent at
low levels, whose circulation is reinforced by the presence
of another anomaly with opposite sign southeast of
Argentina (not shown), similar to those observed by Miiller

Fig. 7 Surface temperature anomalies (°C) at 850 hPa for day 14 of
integration, corresponding to the numerical simulation showed in
Fig. 5. Contour interval is 0.3°C

et al. (2005) and Miiller and Berri (2007). They provide an
intense wind anomaly of polar origin which affects the
whole troposphere as seen in Fig. 6, and have an impact in
the Wet Pampa.

It is important to point out that numerous numeric
experiments were performed using different heating sour-
ces. For instance, Miiller and Ambrizzi (2006) performed
simulations positionating forcings according to observed
OLR (Outgoing Longwave Radiation) anomalies during
the winters with maximum frequency of GF (GF + o). As
one would expect, the forcings can trigger Rossby waves
that propagate toward the South American continent cre-
ating a circulation pattern favorable for the occurrence of
GF events. Nevertheless, extension of the region and the
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intensity of the anticyclonic anomalies and cold air
advection seem to be not enough to generate a GF event.
These results suggest that it is the subtropical and polar
waves interaction that creates the right environment for the
GF events described in Miiller et al. (2005).

3.2.2 Basic state of minimum GF frequency (—a)

Simulations using the —o basic state was also performed
in this study. The forcing locations are the same as in the
+0 basic state i.e., at 40°E, 20°S and 45°E, 40°S. In this
basic state, the first forcing is associated with the entrance
of the subtropical jet (see Fig. 2b). The second is situated
upstream of the region where the zonal wave number
K, =0 (see Fig. 2f) i.e., where the absolute vorticity
meridional gradient (f);) is negative (see Fig. 2d).
Therefore, the position of the forcing sources in relation
to the mean features of the basic state are similar in both
+0 and —o cases. Figure 8 shows the meridional wind
anomalies at 250 hPa for the day 14 of the integration.
Similar to the previous discussion for the +o¢ basic state
simulation (Fig. 5a), Rossby wave trains propagates along
the subtropical and polar waveguides. In contrast to the K;
field discussed before (Fig. 2e), in this case the wave-
guide duct is shorter (Fig. 2f). Also, the K; minimum
observed in the midlatitude South America for the —¢
basic state is displaced southward. In general it can be
observed that the trajectory followed by both wave trains
in the eastern hemisphere is zonal, but at a certain dis-
tance from the source region some curvature appears.
This departure from zonality occurs in the western
hemisphere at midlatitude over the Pacific Ocean and
approximately coincides with regions where K, is no
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Fig. 8 Meridional wind component anomalies (ms™") at 250 hPa for
day 14 of integration, corresponding to the simulation of —¢ basic
state with two forcings: at 40°E, 20°S and 45°E 40°S. Contour
interval is 2 ms™'

longer zero (see Fig. 2f). Close to the continent—where
there is a minimum in K—a divergence in the trajectories
of both wavetrains is found. All these features act to
avoid a wave interaction over the continent as it is
demonstrated by Fig. 8.

Although one can see a negative maximum in the sur-
face temperature anomaly at the northeast of the Wet
Pampa (Fig. 9a) the intensity and the position is quite
different from that shown in Fig. 7. It is also clear from the
wind vector anomalies pattern (Fig. 9b) that the intensity
and position of the anticyclone in the southeast Pacific
Ocean do not favor frost formation over the region of
interest due to the moisture advection from the ocean.

4 A mechanism favoring a higher frequency of GF
occurrence

Based on the results of the numerical experiments, in
particular for the +¢ basic state (Sect. 3.1), which showed a
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Fig. 9 Surface temperature anomalies (°C) (a) and wind vector anomaly at 850 hPa (b) for day 14 of integration, corresponding to the numerical

simulation depicted in Fig. 8
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Fig. 10 Conceptual diagram on 30N
the physical mechanisms that 20N
may favor high frequency 10N 4
occurrence of Generalized
Frosts over the Wet Pampa,
Argentina (See text for details)

60S
70S 4
80S

30S

good agreement with the observational analysis done by
Miiller et al. (2005), a conceptual diagram suggesting a
possible physical mechanism to explain the occurrence of
GF events over the Wet Pampa is presented in Fig. 10.
The large-scale physical mechanisms associated with
GF manifest through teleconnection patterns and are given
by stationary Rossby waves. They are generated over the
tropical Indian Ocean in a mean flow characterized by a
zonal wind meridional gradient (indicated with arrows in
Fig. 10). The upper level divergent motion (dashed arrow),
probably generated by a tropical source (dark circle), cre-
ates perturbations in the subtropics when interfering with
the positive meridional gradient of absolute vorticity region
that would become a source of Rossby waves. This source
region is upstream of the Australian subtropical jet and
upstream of the region where the absolute vorticity
meridional gradient is negative (stripped area). According
to the linear wave theory, this region will reflect the waves,
not allowing their propagation through it and therefore a
waveguide duct is created to the north and south. In this
way, the generated Rossby waves [represented by the se-
quence of positive (full lines) and negative (dashed lines)
meridional wind anomalies zones], propagate along the
subtropical and polar waveguides (thick arrows). Close to
the South American continent the phases of both wave
trains coincide over the region where the propagation
inhibition disappears, merging into one single pattern.
The deep ridge in the western part of the continent
produces a strong advection by southern winds (thick black
arrows), which extends through the whole troposphere
before the occurrence of a GF event. Hence, the cold air
starts to cross the mountain range first where it is lowest,
i.e. in the southern South America, generating anticyclonic
vorticity. The advection of this vorticity feeds the conti-
nental anticyclone and the maritime cyclone situated
downstream. The increase of the pressure gradient over the
area leads to a drop in surface temperature in the eastern
part of the continent with a strong southern wind compo-
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nent between the high and low pressure systems bringing
cold polar air.

The presence of the shaded area in the equatorial eastern
Pacific in the Fig. 10 means that negative SST anomalies in
this region seems to be important to favor GF events in the
Wet Pampa, as indicated by Sea Surface Temperature
composite analysis for GF +¢ of Miiller et al. (2005).

5 Conclusions

The observational evidences shown by Miiller et al. (2005)
and the analysis based on the linear wave theory presented
here, allowed the formulation of a hypothesis about how
the teleconnection patterns in the Southern Hemisphere are
linked to extreme cold events in the Wet Pampa, Argentina.
Numerical simulations using a baroclinic model and a basic
state formed by the composites of winters with extreme GF
frequency were carried out. From the analysis relating
observations, theory and modeling, it was possible to for-
mulate a conceptual scheme on the teleconnection mech-
anisms that act during the austral winters of maximum
frequency of GF occurrence.

The linear wave theory offers a simple and useful
interpretation of global Rossby wave propagation.
According to this theory, the characteristics of the Rossby
waves propagation in a given basic state may be deter-
mined by the analysis of the K; parameter. Using this
theoretical concept, the distribution of the stationary wave
number (K;) is obtained for austral winters with a maxi-
mum (+0¢) and minimum (—o) frequency of occurrence of
GF in the Wet Pampa. From these fields it is possible to
determine the preferential propagation paths of the waves
that reach South America. The distribution of K, empha-
sizes the important of the jets as efficient wave guides, with
a good agreement between their positions and the bands of
local K, maximums, with zonal orientation Wave numbers
6 and 7 are found along the subtropical jet region in both
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basic states analyzed (+¢ and —¢) while the wave number 3
dominates in the polar jet region.

For the +0 basic state, both the subtropical and polar
waveguides are well defined and they show longitudinal
extension larger than in the —o case. In fact, it is this dif-
ference in the K| distribution that it may be responsible for
the +0 and —o occurrence of GF over the Wet Pampa. The
position of the waveguides seems to favor the wave
interaction observed in the south of South America in the
Miiller et al. (2005) analysis. Based on the K field
(Fig. 2e), the trajectory followed by the waves agrees with
the theory. It was shown that the separation between the
subtropical and polar waveguides occurs just before the
south cone of South America. On the other hand, over the
continent, around 35°S, 70°W, there is a K; minimum zone,
which forces the waves coming from the subtropical region
to turn to the south, meeting the polar waves which are not
bound by the waveguide duct anymore. Therefore, this
configuration creates the right environment for the wave
phase coincidence over the south of South America.

In contrast to the K| field discussed above, in the case of
the —o basic state the waveguide duct is shorter and the
waves trapped inside the subtropical and polar waveguides
are free to move much earlier than they reach the South
American continent. Also, the K; minimum observed in the
subtropical South America for the +¢ basic state is dis-
placed southward and coincides with the main region of the
synoptic systems entrance in the continent. All these fea-
tures act to avoid a wave interaction over the continent
with the waves having their trajectory less zonal than +o
case. In this way the cold air irruptions over the Wet Pampa
are not favored which agrees with the observed very low
frequency of GF.

Through the distribution of K; and the observational
studies of Miiller et al. (2005) it was possible to verify the
role of atmospheric jets as waveguides and to confirm the
importance of Rossby waves in leading to the generation
of GF in the Wet Pampa. These results were further
checked through numerical simulations using a baroclinic
model. From the analysis of the simulated stationary wave
patterns it is verified that the principal wave activity takes
place inside the subtropical and polar jets that guide the
waves in the different basic states studied, though each
one has a different propagation pattern. For the +o basic
state in particular, two wave trains are well defined: one
propagating along the subtropical jet and the other along
the polar jet. Their phases coincide before entering the
continent as shown by the observations previous to GF
events. This configuration establishes an anomalous
meridional circulation in the western part of South
America. The intense and continuous polar air flux caused
by this situation favors the development of the most
frequent and/or persistent GF events in the Wet Pampa.

@ Springer

The simulations using the —o basic state also show two
waves propagating along the subtropical and polar
waveguides. However, they do not merge near the west
coast of South America, a divergence in the propagation
trajectories of the wave trains is observed. In fact, the
polar wave crosses the southern tip of the continent,
favoring some polar air flux but less intense.

The differences between both basic states are not only
verified in the trajectories followed by the waves, but also
in the phase and amplitude they have when reaching the
South American continent. For example for +o, the
amplitude of the upper levels meridional wind anomalies
(in agreement with observations) is twice of that found in
the numerical experiments for —g basic state. At low levels,
the wind field also reflects disparities between the two
basic states, in spite of some similarity in the stimulated
negative anomalie of surface temperature. However, a
temperature drop that can cause frosts in the Wet Pampa is
only possible during the +¢ configuration. In this case the
circulation at low levels is from the south to southwest,
while in —¢ the dominant component is in the east sector. In
the first case the Wet Pampa region will be under adequate
conditions to generate frosts, particularly of advective type
due to the entrance of cold dry air over the region; whereas
that region in —¢ basic state is under the influence of humid
air advection which does not favor frosts.
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