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The dynamics of wave propagation and energy associated with frosts in extratropical versus
tropical South American latitudes is studied. A double wave train propagates through the
southern hemisphere following the polar and subtropical jets. If, in the previous day, both
trains coincide in phase over the southeast Pacific (southwest Atlantic) Oceans, it will con-
tribute to generate generalized frosts (strong frosts) at extratropical (tropical) latitudes, not
affecting tropical (extratropical) latitudes given the wave train zonal propagation. The verti-
cally averaged eddy kinetic energy composites show three maxima associated with those trains
over the South Pacific Ocean and South American region.

frosts; Rossby wave patterns; energetics; South America

I. Introduction

There are just few studies about the energetics of tropi-
cal latitudes for extreme cold events. Krishnamurti et al.
(1999) made a decomposition of the waves associated
to the frost events in the southeast of Brazil, in waves of
synoptic scale that propagates eastward and planetary
waves that possess an almost-stationary characteristic.
Using the prognostic data of a high-resolution global
model it is seen that the growth of the stationary long
wave was due to the wave interaction in different time
and space scales, e.g. wave/wave interaction during
the frost events. They also observed in this energetics
study that interactions of non-linear barotropic scales
are also important sources of energy to maintain the
average amplification. Despite the fact that the baro-
clinic instability was observed as the main source of
kinetic energy, Krishnamurti et al. (1999) associated
the amplification of the mid-latitude upper level trough
to the mechanism of downstream development (DSD)
proposed by Orlanski and Katzfey (1991) for cyclonic
waves in the Southern Hemisphere.

Recently, Miiller et al. (2015) investigated the cold
and cool frost events, which affect the tropical latitudes
of South America, considering the energetics of the
wave train propagation associated to such events. The
energetics shows that the cold events kinetic energy
maxima are more intense than those of cool events. For
the cold events three maxima are observed, the first (K1)
and the third (K3) maxima are developed by baroclinic

conversion and ageostrophic flux convergence and
the second one (K2) by ageostrophic flux conver-
gence. For the cool events two maxima are found, the
first maximum (K4) developed by baroclinic conver-
sion and the second one (KS5) by ageostrophic flux
convergence. In both types of frost events, the inten-
sification of the wave is associated with ageostrophic
flux convergence. These results are in agreement with
Krishnamurti et al. (1999).

This paper studies the energetics of the wave trains
associated with the GF in extratropical latitudes of
South America, and the results are compared with
the extreme cold events in tropical latitudes of South
America of Miiller et al. (2015). With the purpose of
providing forecast tools for the occurrence of extreme
cold events in South America, we compare the prop-
agation of wave patterns associated with extreme cold
events in the extratropics versus those associated with
same type of events in the tropics of the region.

2. Event selection criteria, data
and methodology

The meteorological stations selected are situated
in central-east Argentina, known as wet Pampas
(27°-40°S and 65°-57°W). In particular, Generalized
Frosts (GF) are defined as those where the area with
temperatures below or equal to 0°C surpasses 75%
of the meteorological stations in the region. In this
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Table I. Events selected from the MJJAS with generalized frosts
with | SD above average.

Generalized frost events

24 June 1970, 7 July 1970, 8 August 1970, 25 August 1970

12 June 1974, 22 July 1974, 7 August 1974, 16 August
1974, | September 1974

Il June 1976, 26 June 1976, 4 July 1976, 14 August 1976

I'June 1988, 14 June 1988, 24 June 1988, 5 July 1988, 24
July 1988, 26 August 1988

study, the GF that are taken to represent cold outbreaks
are those events which took place during years of
maximum frequency of GF occurrence. They were
selected following the criteria defined by Miiller e? al.
(2005), who selected those periods when the number
of frosts is 1SD (Standard Deviation) unit below or
above the mean value for the period 1961-1990.We
considered this period because is the one with bet-
ter information and larger number of meteorological
stations available in the region of analysis. The same
period was used in different Miiller’s studies, so that it
will serve for comparison of results with this study. The
criterion is applied to the months between May and
September, considering those years above the mean,
i.e. years of maximum frequency of occurrence of GF
in the wet Pampas. The resulting years 1970, 1974,
1976, 1988, consider a minimum time interval of 7 days
in a sequence of days with GF, and the selected dates
are shown in Table 1. In this way, each day represents
a single synoptic situation associated to cold outbreaks
affecting extratropical latitudes.

A composite analysis of the frost events (Table 1) to
study the wave train propagation during the days pre-
vious to GF is done using the NCEP/NCAR reanalysis
(Kalnay et al. 1996). The results are tested by applying
the Student’s #-test.

The energetics of the frost event composites is stud-
ied through the Eddy Kinetic Energy (EKE) equation
(Equation (1)) developed by Orlanski and Katzfey
(1991) and modified by Chang (2000). Although some
researcher used the formulation of the Lorenz (1967)
as Pezza et al. (2010, 2014), we prefer the energetics
analysis that was recently applied by Miiller et al
(2015) for tropical frost events over South America and
Gan and Piva (2013, 2016) for cut-off lows, because
this equation separates the energy transport and leaves
a transport term that can be directly associated with
downstream development (DSD) proposed by Orlanski
and Katzfey (1991)
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In Equation (1), a is the specific volume, 7 is the
—)
two-dimensional horizontal wind, V' the 2D eddy

wind, V; the 3D wind, Vz the 3D eddy wind, \7; the 2D
eddy ageostrophic wind, p, the surface pressure and
@' is the eddy geopotential. The subscript “3” in the
operators indicates three-dimensional vectors and the
overbar denotes a 91-day time mean centered (45 days
before and 45 days after) every 6 h for each frost case.
The prime means deviation from the 91-day time mean.

The term on the left hand side of Equation (1) is
the local tendency of EKE. The first term on the right
hand side represents the EKE flux convergence (KFC),
the second term is the ageostrophic flux convergence
(AFC) and the third term is the baroclinic conver-
sion (BRC). The fourth and fifth terms are due to
Reynold’s stresses and can be regarded as barotropic
conversion (BRT) terms. The sixth and seventh terms
are the vertical flux convergence of energy. The term
RES contains, among other things, mechanisms not
explained by Equation (1), such as friction, diabatic
effects and sub-grid fluxes, as well as errors introduced
by numerical methods. To analyze the Equation (1)
terms, we made a vertical weighted averaging from
the first isobaric level located above the ground to the
100 hPa level.

3. Results

3.1. Wave train propagation

The composites of 300 hPa meridional wind anomalies
and their statistical significance of the GF events pre-
sented in Table 1, are shown in Figure 1. In this figure
we see a double Rossby wave train that is driven by the
zonal flow. One reaches the continent in subtropical lat-
itudes, and the other is close to polar latitudes. These
two wave trains propagate independently along the two
jets and they merge in a single perturbation extending
meridionally, the day before the GF event. The anomaly
circulation pattern contributes to the advection of polar
air over the continent. This pattern is similar to that
observed prior to the event in winters (JJA) with most
frequent GF events (Miiller ef al. 2005), as well in the
most persistent ones (Miiller and Berri, 2007) and very
persistent GF event (Miiller and Berri 2012). In other
words, the most frequent events and those of great-
est persistence in winter, are caused by the propaga-
tion of a wave pattern that does not follow the classical
behavior of a single Rossby wave train, rather they are
generated by a double wave train which coincides in
phase before its entrance into the continent prior to the
event. These results were confirmed through numerical
experiments and linear wave theory done by Miiller and
Ambrizzi (2007). Using a basic state of GF maximum
frequency of occurrence, they simulated the double
wave train which propagates along the southern hemi-
sphere driven by the subtropical and polar jets, with a
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Figure 1. Meridional wind composites anomaly (ms™') from day —5 to day | at 300 hPa, corresponding to GF events. Positive
(negative) contours are shown in solid (dashed) lines every 2m s~'. The shaded areas indicate regions with 95% confidence level

according to a Student’s t-test.

phase coincidence to the west of the Andes. As sug-
gested by the authors, the winters with maximum fre-
quency of occurrence show a subtropical jet with max-
imum values around 30°S extending from the Indian
Ocean to the Pacific Ocean and reaching the South
American continent. At high latitudes the polar jet
position was also different from the climatology (win-
ter JJA 1961-1990) indicating an extension towards
South America.

On the other hand Miiller et al. (2015) found for low
latitude cool outbreaks of strong event composites, a
wave train that propagates following the subtropical
jet, which is joined by a second less intense wave train,
which propagates along the polar jet in the western
Atlantic Ocean on day 0 (Figure 3, Miiller et al., 2015).
They have a zonal propagation and on the lee side
of the Andes Mountains they merge into a unique
wave train that due to its meridional orientation will
favor cold air advection affecting the oriental coast
of South America. These conditions that contribute to
cooling the air and the later entrance of the anticyclone
from the west-southwest, driven by the observed wave
train, enhance radiative loss, temperature drop and the
observed frosts.

© 2017 Royal Meteorological Society

3.2. Energetics

The evolution of the vertically averaged EKE for all
cases along the wave train observed in the GF composite
shows that on day —2 (Figure 2(a)) there are three
kinetic energy maxima (K1, K2 and K3). K1 over
South Pacific Ocean around 130°W-67°S, K2 close to
the southeastern of South America and K3 is over the
Andes Mountains around 40°S. On day —1.5 (figure
not shown) K1 displaces eastward and weakens, K2 is
slightly displaced to the west and intensified and K3
appears over the South American continent around cen-
tral Argentina. K1 and K2 continue with a slow east-
ward movement until day O (Figure 2(c)) when these
three kinetic energy maxima weaken while remaining
over the coast of Argentina and Uruguay. The maxi-
mum intensity of K1 occurs on day —2.5 (figure not
shown), the maximum intensity of K2 occurs on day —1
(Figure 2(b)) and K3 on day —1.5 (figure not shown).
As we can see in Figure 2(b), K2 and K3 are associated
with the wave that contributed to the GF and they are
located in the region between the ridge and the trough.

The baroclinic conversion term has a positive contri-
bution to K1, K2 and K3 maxima during the analyzed
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Figure 2. The 300 hPa geopotential height (x10m?s~2), with three regions of maximum vertically averaged eddy kinetic energy
(shaded), identified as K1, K2 and K3, for day —2 (a), day —1 (b) and day 0 (c) of the GF composite.

period (Figures 3(a)—(c)), keeping the disturbance
intensification all the time through the conversion of
potential into eddy kinetic energy. This result shows
that baroclinic instability is important to maintain
these kinetic energy maxima. The barotropic term
(Figures 3(d)—(f)) has a different behavior for each
kinetic energy maximum. This term has a negative
contribution to K1, i.e. converting eddy kinetic energy
into zonal kinetic energy from day —2 to day —1
(Figures 3(d) and (e)), after which this term is positive
(Figure 3(f)). However, for K2 this conversion term has
a positive contribution until day 0 (Figures 3(d)—(f)),
meaning that this energy maximum could be sustained
by conversion of zonal kinetic energy into eddy kinetic
energy. On day —2 when K3 appears, this term is close
to zero, meaning that K3 intensified by other processes
(Figure 3(d)). On day —1 this term has a negative
contribution (Figure 3(e)) and on day O the contribution
is positive (Figure 3(f)).

The ageostrophic flux fields (Figures 4(a) to (c))
show the existence of an area of strong fluxes extend-
ing from the south Pacific (near 70°S; 160°W) to
South America, crossing the three EKE maxima on
day —2 and day —1 (Figures 4(a) and (b)). This area
of strong fluxes has associated with it areas of con-
vergence and divergence (Figures 4(d)—(f)), indicating
the downstream propagation of eddy energy. In the
downstream propagation associated with ageostrophic
fluxes it is common to notice a convergence and diver-
gence on west and east sides of the EKE maximum,

© 2017 Royal Meteorological Society

respectively. This is what happens for the K1 and K2
maxima, but not for the K3. In the latter, there is
only divergence throughout the event explaining why
the EKE has not increased. The AFC term seems to
be important for the growth of K2, because AFC is
positive and above 180 m? s~ day~! near the center of
it (Figure 4(e)).

In addition, we observed a bifurcation in ageostrophic
fluxes on the south Pacific-South America area mainly
on days —2 and —1 (Figures4(a) and (b)). This
bifurcation explains the negative area of AFC over
South America, indicating divergence of energy flows
(Figures 4(d)—(e)). The ageostrophic fluxes bifurcation
and the divergence of the AFC coincide with the merge
of the two wave trains previously pointed out when
discussing Figure 1.

The energetics of the GF composites shows a dif-
ferent behavior when we compare it with the cool and
cold frost composite of tropical latitudes studied by
Miiller et al. (2015). A main characteristic is that the
intensity of the EKE maxima associated with the frost
events is lower in the GF cases in extratropical than in
tropical latitudes. This is because in the tropical case
the Rossby wave has more amplitude and the zonal
wind anomaly is more intense when compared with
extratropical GF cases.

Another difference between the energetics of frost
in these two regions is that the cold cases have three
maxima, with the first and the third maximum devel-
oped by baroclinic conversion and ageostrophic flux

Atmos. Sci. Let. 18: 342—348 (2017)
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kinetic energy.

convergence and the second one by ageostrophic flux
convergence.

A similarity is that, the cool events have two maxima
acting directly, one developing by baroclinic conversion
and the other by AFC, as happened in the extratropi-
cal GF.

4. Conclusions

The analysis of wet Pampa GF events composites,
representative of the extratropical latitudes, shows a
double wave train which propagates along the subtrop-
ical and subpolar jets in the south Pacific Ocean, prior
to a GF event in the wet Pampa, whose phases coincide
to the west of the continent causing an extended and

© 2017 Royal Meteorological Society

intense advection of polar air over the whole southern
cone. This result agrees with those obtained in the case
of GF events during winters with maximum frequency
of occurrence by Miiller and Ambrizzi (2007), and
the most and very persistent GF events (Miiller and
Berri, 2007, 2012, respectively). The results suggest
that the phase coincidence of the waves propagating
along the subtropical and polar jets is an important
precondition for favoring extreme events. If this coin-
cidence is observed in the southeast Pacific Ocean, it
will contribute to generate GF events at extratropical
latitudes and it will not affect the tropical latitudes,
given the zonal propagation of the wave train. However,
if the phase coincidence takes place in the southwest
Atlantic Ocean, extreme cool events will occur at

Atmos. Sci. Let. 18: 342—348 (2017)
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tropical latitudes, with no impacts on extratropical
ones. The phase and location of the wave train are
very important not only for frost event but also to other
events like extreme heat waves and rainfall events such
as that occurred in eastern of Australia described by
Boschat ef al. (2015) when a Rossby wave amplifica-
tion over the south Indian and Pacific Oceans induced a
quasi-stationary blocking high system. The circulation
associated with the high system advected hot and dry
air to the area that recorded extreme heat wave event
during the Australian’s summer.

The vertically averaged eddy kinetic energy compos-
ites show three energy maxima associated with these
wave trains over the South Pacific Ocean and South
American region. The analysis of EKE shows two
maxima (K2 and K3) located between the ridge and

© 2017 Royal Meteorological Society

the trough of the wave over the continent on the day of
the GF. The main source of eddy kinetic energy of the
three maxima is the baroclinic conversion. K2 also has
a positive contribution from barotropic conversion. The
ageotrophic flux convergence term does not present
a significant positive contribution, except on day
—1 when this term is positive in most parts of the
K2 region.

The results obtained here corroborate with the
downstream baroclinic development mechanism
discussed by Orlanski and Sheldon (1993) and Orlanski
and Gross (2000). The authors state that disturbances
in the middle or exit regions of the storm track tend to
develop due to the ageostrophic fluxes convergence,
while the disturbances at the entrance region of the
storm tracks grow by baroclinic conversion. This seems

Atmos. Sci. Let. 18: 342—348 (2017)
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to be the case of the K2 and K3, because K2 maximum
develops (with AFC term important) at the end of the
Pacific Storm track and the K3 maximum develops over
the South America (in the beginning of Atlantic Storm
tracks) region known to be frontogenetic (Satyamurty
and Mattos, 1989; Arraut and Barbosa, 2009).

The energetics of the GF composites shows a differ-
ent behavior when we compare it with the cool and cold
frost composites to tropical latitudes studied by Miiller
et al. (2015). The intensity of the EKE maxima associ-
ated with the frost events in tropical latitudes is higher
than in GF cases in the extratropical latitudes. This is
because in the tropical case the Rossby wave has higher
amplitude and the zonal wind anomaly is more intense
when compared with the extratropical GF cases. Other
difference is that the cold cases have three maxima, the
first and the third maximum developed by baroclinic
conversion and ageostrophic flux convergence and the
second one by ageostrophic flux convergence.

As similarity, as in the case of GF composite the
cool events have two maxima acting directly, one devel-
oping by baroclinic conversion and the other one by
ageostrophic flux convergence.

For future studies to analyze the changes in eddy
available potential energy are also important. As the
current study showed that baroclinic conversion was
important, considerable available potential energy
changes are expected, because the baroclinic con-
version is a conversion term between eddy available
potential energy and EKE.
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