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Abstract:

Argentine operational rawinsonde records spanning a 30-year period (1968–1997) were used to study the climatology of
the tropopause from the subtropics to the southern mid-latitudes, approximately along the 60 °W meridian. The thermal
tropopause annual cycle as well as its variability was analyzed at three sites: Resistencia (RES), Ezeiza (EZE), and
Comodoro Rivadavia (CRD). Single and double tropopause observations were studied, given the comparatively frequent
occurrence of double tropopause events at all three sites. The tropopause behavior at RES and CRD is distinct, whereas at
EZE it shows a winter evolution similar to the one at CRD and a summer evolution closer to the one at RES, in agreement
with the annual evolution of the subtropical jet. The tropopause evolution is discussed under the light of the dynamic
climatology of southern South America. In the presence of double tropopause events and in terms of potential temperature,
it should be noted that the upper tropopause temperature is close to the 380 K isentropic, i.e. the tropical tropopause
layer. Moreover, the lower tropopause and single tropopause events are fairly close together, i.e. coincident with the
lowermost stratosphere. Considering previous research and results from the present analysis, a definition of Extratropical
Tropopause Layer (ExTL) is introduced in this work. It is proposed that the lowermost stratosphere should be regarded as
the ExTL. Copyright  2006 Royal Meteorological Society
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INTRODUCTION

Various studies carried out during the last decade
have shown that a more detailed understanding of the
tropopause is required. This narrow atmospheric region
has appeared as a crucial component of the tropo-
sphere–stratosphere system, playing a part in the evolu-
tion of the ozone layer (Hoerling et al., 1991; Steinbrecht
et al., 1998), as well as in the climate and climate change
processes (Brasseur, 1997; Gaffen et al., 2000) and the
exchange of various species such as CFCs and green-
house gases (Shapiro, 1980; Wirth, 1995; Holton, 1990).
A simple explanation for the existence of the tropopause
can be found in Thuburn and Craig (1997) with the aid
of an old radiative-convective model. That explanation
works well in trying to depict the tropical tropopause
behavior, but it cannot explain the tropopause height dis-
tribution in regions other than the tropical region.

Hoinka (1997) and Gettelman and Forster (2002) have
reviewed various aspects of studies of the tropopause
during the last hundred years. After the observations
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made by Léon Teisserenc de Bort and Richard Assman
over a hundred years ago (Labitzke and Van Loon,
1999), 50 years went by until a comprehensive observa-
tion of the global tropopause could be reached. Indeed,
with the global expansion of the rawinsonde opera-
tional network during the International Geophysical Year
(1957–1958), a global coverage of the troposphere and
lower stratosphere became possible almost on a daily
basis. Microwave Sounding Unit (MSU) sensors, fly-
ing on NOAA satellites since late 1978, have provided
global temperature retrievals near 100 hPa, which is often
compared to (or used as) a proxy for tropopause temper-
atures in the tropics. A wide description of the MSU
sensors can be found in Smith et al. (1979) and Spencer
et al. (1990). More recently, temperature profiles derived
from the Global Positioning System (GPS) provide an
extensive coverage of the upper troposphere/lower strato-
sphere temperatures (Lakkis, 2005; Yuchechen et al.,
submitted, 2005). The use of GPS satellites to observe
the Earth’s atmosphere is presented in Kursinski et al.
(1997). Hoinka (1997, 1998 and 1999) has carried out a
global study of the tropopause using ECWMF reanal-
ysis products and Nielsen-Gammon (2001) has pro-
vided visual analysis products from the NCEP reanalysis.
More recently, Reichler et al. (2003) made a comparison
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between the tropopause height calculated from gridded
data and the tropopause height obtained by observations
from upper air stations.

The tropopause can be defined in several ways, the
most common being the World Meteorological Organi-
zation (WMO) definition: ‘The boundary between the
troposphere and the stratosphere, where an abrupt change
in lapse rate usually occurs. It is defined as the lowest
level at which the lapse rate decreases to 2 °C km−1 or
less, provided that the average lapse rate between this
level and all higher levels within 2 km does not exceed
2 °C km−1’ WMO (1992). This definition is referred to
as the thermal tropopause, and is the definition used in
the operational rawinsonde profile retrievals. Sometimes
the cold-point tropopause has been used in terms of the
coldest point in the temperature profile.

The tropopause can also be defined in terms of the
discontinuity observed in the Ertel’s Potential Vorticity
(PV) (e.g. Reed, 1955; Hoerling et al., 1991; Hoinka,
1997; Shepherd, 2002) and is referred to as dynamic
tropopause. However, such a definition requires the
evaluation of horizontal gradients of the wind field from
upper air analysis, and thus its use in data sparse areas is
limited, unless regional or global analysis products are
considered. Besides, Ertel’s PV shows an exponential
variation with height. Lait (1994) described a form of
PV that has conservation properties similar to those of
Ertel’s PV, but removes this exponential variation with
height in terms of a ‘modified PV’.

There are several PV values that can be considered to
define the dynamic tropopause, as discussed in Hoinka
(1997). When processing rawinsonde data, there is a
way to determine the dynamic tropopause (Bleck and
Mattocks, 1984), but the density of rawinsondes should
be sufficiently high for this method to work well.
Normally, this method will not be useful in the Southern
Hemisphere (SH).

In terms of the vertical distribution of ozone, it
is also possible to determine a chemical tropopause,
which undergoes a rapid increase in concentration in the
vicinity of the tropopause (Hoinka, 1997). Using a global
circulation model, Thuburn and Craig (1997) showed
that the ozone distribution does not play a crucial role
in the tropopause height distribution; nevertheless, the
temperature at the earth’s surface is a very important
parameter in determining it.

It should be noted that the tropopause may also occur
as a multiple or layered tropopause. Bjerknes and Palmén
(1937), Kochanski (1955), and Godske et al. (1957)
have already referred to their occurrence. Defant and
Taba (1957, 1958) mentioned the occurrence of mul-
tiple tropopause events in their study of air masses
over the Northern Hemisphere (NH). Huschke (1959)
pointed out that multiple tropopause events are common
‘above regions of large horizontal temperature contrast
in the troposphere’. WMO (1992) also defines the occur-
rence of a second tropopause: ‘Occasionally, a second
tropopause may be found if the lapse rate above the first
tropopause exceeds 3 °C km−1’. Multiple tropopauses are

also defined by WMO (1992): ‘A frequent atmospheric
condition in which the tropopause appears not as a con-
tinuous single “surface” of discontinuity between the tro-
posphere and the stratosphere, but as a series of quasi
horizontal “leaves” which are partly overlapping in a
step-like arrangement’. Hence, the tropopause is now
more frequently viewed as a comparatively narrow region
or layer separating the troposphere from the stratosphere
rather than as a thin material surface. Please note that Wil-
lett (1944) had already viewed the tropopause as a layer.
Thus the tropopause (or the first tropopause in case of
double or multiple tropopause events) can be viewed as
the point where the transition from the troposphere into
the stratosphere begins.

Many recent studies have dealt with the tropopause
in the tropics, i.e. Tropical Tropopause Layer (TTL)
(e.g. Gettelman and Forster, 2002; Seidel et al., 2001,
and references therein) and to a lesser extent in Polar
Regions (e.g. Zängl and Hoinka, 2001). However, mid-
latitude/extratropical studies – which, by extension, we
shall refer to as the Extratropical Tropopause Layer
(ExTL) – have been scant. As pointed out in Shepherd
(2002), the mechanisms that result in the ExTL for-
mation are different from those that result in the TTL
formation. The ExTL is of interest since there are a
number of processes that are influenced by its behav-
ior. In the first place, the changes in the total column
of ozone can be referred to the changes in tropopause
height (e.g. Steinbrecht et al., 1998; Salby and Callaghan,
1993; Canziani et al., 2002). It appears that some of the
trends in total ozone could be due not only to depletion
by chemical processes but also as a result of long-term
changes in tropopause height. However, the exact rela-
tionship between long-term changes in tropopause and
changes in ozone remains unclear (WMO, 2003). Such a
process could well establish a link between climate vari-
ability/change and the evolution of the ozone layer at mid
to high latitudes. Furthermore, the contribution to strato-
sphere–troposphere exchange may not be negligible at
those latitudes (Appenzeller et al., 1996). The evolution
of the ExTL may influence local and regional climate
processes through its interactions with the propagating
wave systems. A number of studies have shown that PV
near the tropopause or changes in the tropopause loca-
tion influences the synoptic systems (e.g. Morgan and
Nielsen-Gammon, 1998). It should be noted that, to the
best of our knowledge, there were no studies – at least
during the last decade or so – making any reference to
multiple tropopause events, other than those concentrat-
ing on tropopause fold events (e.g. Van Haver et al.,
1996). Only recently Pan et al. (2004) did study double
tropopause events over the NH.

There are virtually no recent studies referring to the
SH ExTL other than Velasco and Necco (1981), and the
previously referenced research by Hoinka (1998). Given
the characteristics of the reanalysis products and the man-
ner that the tropopause is derived thereof (e.g. Hoinka,
1997; Reichler et al., 2003), it is not possible to determine
multiple tropopause events in analysis-/reanalysis-based
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studies. Seidel et al. (2001) discuss other aspects of the
limitation in the use of the analysis-/reanalysis-derived
tropopauses. Even rawinsonde data studies do not men-
tion the occurrence of such events.

Hence, it is necessary to develop an understanding of
the ExTL and its climatology. In order to fill this gap
and considering that it is essential to establish a truly
observational climatology, a network of three Argentine
operational rawinsonde stations, spanning a narrow longi-
tude segment and covering 30 years of observations, was
selected to initiate the development of such climatology.
The latitudinal extent of the network allows comparison
of the tropopause behavior from the lower subtropics into
the mid-latitudes. The corresponding data set was used to
establish an ExTL climatology for southern South Amer-
ica, along the Atlantic coast. The occurrence and statistics
of single and double tropopause events were specifically
analyzed. The paper is organized as follows. In Section 2,
the nature and the quality of the observations are dis-
cussed. Section 3 presents the results of the climatology,
including a detailed analysis of the seasonal behavior and
the physical processes involved. Section 4 presents a dis-
cussion of the results under the scope of seasonal and
synoptic processes in the region. Concluding remarks are
found in Section 5.

DATA

Three stations from the Argentine operational rawin-
sonde network, operated by the Argentine Servicio Mete-
orológico Nacional (SMN), were chosen to establish a
North–South network with extended time coverage. The
chosen stations are Resistencia (RES) (ϕ = 27.45 °S, λ =
59.05 °W), Ezeiza (EZE) (ϕ = 34.81 °S, λ = 58.53 °W),
and Comodoro Rivadavia (CRD) (ϕ = 45.78 °S, λ =
67.50 °W). Stations will be referred to hereafter using
the International Air Transport Association (IATA) three-
character location identifier: RES, EZE, and CRD. The
data sets span a 30-year period (from 1968 to 1997) and
do not include tropopauses higher than 100 hPa, owing
to the scant number of rawinsonde balloons surviving
above that height. Note, nevertheless, that this implies
that approximately 8000–9000 profiles per station were
analyzed in this study.

These three stations provide insights into the differ-
ent ExTL regimes, CRD being a mid-latitude site and
RES being close to the tropical edge of the subtropics.
As will be seen later, EZE can be viewed as an inter-
mediate region, influenced by both the tropics and the
mid-latitude systems.

The thermal tropopause was determined following the
WMO definitions (WMO, 1957, 1992), both in the case
of the single tropopause events (S-events) and double
tropopause ones (D-events). The data set used in this
study is restricted to 12 UTC. It doesn’t make any
difference to refer to single tropopause events as ST
or S-events. However, there is ambiguity with double
tropopause events. In these cases, the lower tropopause

will be referred to as double first tropopause (DF ),
while the upper one will be referred to as double second
tropopause (DS ).

Before proceeding further, with respect to the informa-
tion obtained from rawinsondes, it is important to note
that historical data sets have undergone changes over
time because of a variety of factors. These include the
use of different rawinsonde models and the applications
of different observation methods for retrieving the upper
atmosphere temperature, which are dependent on sensor
models, changes in the solar radiation corrections applied
to the data, and even changes resulting from modifica-
tions to the length of the cord that ties the instrument to
the balloon. Such changes can lead to discontinuities of
a few tenths of a degree per decade in the temperature
record, but it can also happen that discontinuities are of
the order of temperature trends, as has been shown in
many rawinsonde-related research efforts. For instance,
Angell (1991) points out that, over a network formed
by 63 stations, 43% of them have inhomogeneities, and
that these inhomogeneities are more common in the
stratosphere. Cox and Parker (1992) made a descrip-
tion of the sources for inhomogeneities present in the
series. Luers and Eskridge (1998) evaluated the potential
use of temperature obtained by ten of the most com-
mon rawinsondes used since 1960 for climatic studies.
Other researches using rawinsonde-retrieved information
are Suzuki and Asahi (1978), WMO (1978), Huovila and
Tuominen (1990), Elliott and Gaffen (1991), and Duarte
and Bischoff (1998), just to mention a few.

The introduction of a new rawinsonde model may be
the main source of inhomogeneities. Rawinsonde data
discontinuities, due to changes in instruments and observ-
ing practices, tend to have a timescale of approximately
10 years, although there are stations with much more
frequent changes (Gaffen, 1994). It is thus important
to detect the replacement date of the instrument model.
For Argentina, approximate dates for rawinsonde replace-
ment in the SMN Network are available from Duarte
and Bischoff (1998) and are summarized in Table I. This
Table includes not only the three stations analyzed in this
research, but also includes a description for the complete
network operated by the SMN. The reader interested in
knowing the replacement dates of rawinsondes network
all over the world can refer to Gaffen (1993). Detect-
ing trends or inhomogeneities is not the scope of the
present work, so Table I is shown solely for information
purposes.

Velasco and Necco (1981) provide valuable informa-
tion about the main characteristics of rawinsonde obser-
vations at rawinsonde stations in Argentina. Inspection
of the mean monthly temperature profiles calculated for
observations carried out from the late fifties into the early
seventies shows that, on average, the temperature pro-
file over CRD is quasi-isothermal above the tropopause
both in winter and in summer. The change is smoother at
EZE, and includes the presence of double tropopauses in
January in the climatology, suggesting significant occur-
rence of D-events there. The beginning of the increase
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Table I. Approximate rawinsonde model
replacement dates for the SMN network
(from Duarte and Bischoff, 1998). In the
period 1957–1964 stations 87750 (Bahı́a
Blanca) and 87934 (Rı́o Gallegos) used

German–made Graw rawinsondes

Year Rawinsonde model

1957 Väisälä RS11
1964 Väisälä RS13
1971 Väisälä RS15
1972 Väisälä RS18
1976 Väisälä RS21
1984 Väisälä, RS80 and RS15N

in stratospheric temperature with height can be clearly
seen above the second tropopause. The temperature
profile above the tropopause in July appears to be quasi-
isothermal, same as over CRD. Profiles at RES do suggest
an even more definite change in gradient sign above and
below the tropopause, particularly in January. The July
profile at RES also suggests the comparatively frequent
occurrence of D-events, since a double tropopause is also
present in the monthly mean climatology.

Figure 1(a) shows the quarterly mean tropopause hei-
ght anomalies time series at each station. This time series
has been built considering ST and DF together. Anoma-
lies were calculated extracting the annual climatological

wave (Jones, 1964) obtained by Fourier analysis. Once
these anomalies were obtained, a seasonal average was
calculated. With this procedure, the anomalies were
destationalized, making different quarterly means compa-
rable. A preliminary inspection does not show any visible
trend in the tropopause height at all three stations and
over the sampled period. However, it should be noted
that when changes in rawinsonde models are taken into
account, changes in the behavior of the anomalies could
be observed (Gaffen et al., 2000).

Between the years 1991 and 1995 there are two dif-
ferent behaviors for the seasonal anomalies at RES: the
first two years have negative anomalies and the last two
years have positive ones. It should be noted that although
the anomalies do not exceed a unit of mean standard
deviation at all stations, the anomaly range is smallest
at CRD and largest over EZE, on average. Largest neg-
ative anomalies present at RES in mid 1987 need to be
investigated in future works, because an El Niño event
was present that year (Philander, 1990). Although there
are large negative anomalies at EZE in mid 1987, they
should not be taken into account because the number of
samples available at that station considerably decreased
during that period. Using the same criteria, it is difficult
to deal with the negative anomalies detected at RES at
the end of the period.

Figure 1(b) shows the number of samples per season.
Except for specific years, each season is quite complete.
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Figure 1. (a) Quarterly mean tropopause height anomalies time series. (b) Number of samples per season (c) Quarterly mean tropopause height
anomalies standard deviation time series
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Figure 2. Mean monthly distribution of single and double tropopause events, as a monthly percentage of soundings available at: (a) RES, (b) EZE
and (c) CRD

However, an important fall in data per season can be seen
from mid 1987 till mid 1991 at all three stations, due to
a severe national budget crisis during that period.

Figure 1(c) shows the quarterly mean tropopause
height anomalies standard deviation time series at each
station. An inspection of this figure shows that largest
deviations occur over EZE and RES. Standard devia-
tion of the mean quarterly anomalies also provides a
preliminary view of the annual cycle of the tropopause
variability. CRD shows a regular evolution from the very
beginning of the data set till 1988. In addition, there
seems to be no significant changes at this station after
the break in the record. RES variability behaves in the
opposite phase to EZE variability over all the period.
However, a decrease in the RES variability can be seen
after the break in the record. It is not yet clear whether

this is due to the limited data available or the result of
a real atmospheric process. This behavior is not seen at
the other two stations.

RESULTS

S- and D-events statistics

The following analysis shows the relevance of consid-
ering the presence of not only S-events but also D-events.
It is necessary to consider the relative rate of occurrence
of S- and D-events at each of the stations.

Figure 2 shows the annual distribution of S- and D-
events as a percentage of the monthly samples available.
Significant differences in the frequency of annual cycles
can be observed among the three locations. The lowest
monthly percentage (12%) of D-events occurs at RES
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Figure 3. Monthly mean tropopause height at (a) RES, (b) EZE and (c) CRD

during the second part of summer, i.e. February and
March. The most frequent (approximately 44%) D-events
also occur at RES during winter. On the other hand,
CRD has a reduced annual cycle with 45% occurrence
of D-events in January and 30% in June. Thus, the
annual cycle of D-events is reversed from the subtropics
to mid-latitudes. EZE shows an intermediate behavior,
with a minimum of D-events in March (25%) and their
maximum occurrence (≈ 42%) in late winter and early

spring. The far greater range of annual frequency over
RES could, nevertheless, be partly due to the non-
detection of the ST or the DS during summer. Indeed,
the average summer DF – close to 15 km as will be
seen later – could lead to a second tropopause above the
100 hPa limit of the current data set. Broadly speaking, at
any rate, the transition behavior over EZE confirms that
the annual cycle behavior at RES is adequately described
in the present analysis.
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Figure 4. Monthly mean tropopause height standard deviation at: (a) RES, (b) EZE, and (c) CRD

Annual cycle

Height. Monthly mean height annual cycle can be
observed in Figure 3. Mean tropopause height for ST
oscillates around 11 km, with minima (maxima) in winter
(summer). With regard to D-events, DF resembles the ST
behavior and is found close to it, while DS is in opposite
phase to both and located near 15-15.5 km.

ST annual cycle at EZE is distinct from that one
at CRD, with a mean height near 13-13.5 km. The

maximum is reached in January and minima are reached
between June and September. The summer-to-winter
mean height transition is fairly rapid while the winter-
to-summer change is a somewhat slower process. When
D-events are considered, DF shows approximately the
same annual evolution with reduced amplitude. The
heights of DF and ST are similar during the winter
period. The behavior of the upper tropopause is the
same as over CRD, with reduced annual amplitude as
well.
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On the northern edge of the subtropics, over RES, ST
annual cycle reaches maximum height between December
and March and minimum in July. The mean height is
15.5–16 km. DF also has a well defined but asymmet-
ric annual cycle, with minimum values between July and
September and a fairly rapid rise in spring. At this station
the annual cycle amplitude is fairly similar for the three
kinds of tropopause events.

Note that the DF annual cycle over CRD is very
similar to the ST annual cycle, while over EZE there are
some larger differences between them during summer.
Over RES, DF tends to be lower than ST, which seems
to have an approximately mean position between the two
D-event tropopauses. As a matter of fact, the relationship
between DF and ST at EZE resembles that one of CRD
in winter and RES in summer. Furthermore, while the
separation between DF and DS varies during the year,
on average it is of the order of 6 km over CRD, 5 km
over EZE, and 4 km over RES, in other words, increasing
southward. As expected, S-events show a decrease in
height as latitude increases (≈ 5 km between RES and
CRD). The latitudinal change in height is in the order of
5 km for DF and in the order of 1–1.5 km for DS. All
the characteristics mentioned above show a wide variety
of ExTL behavior in this region.

The explained variance for each of the six computed
harmonics, resulting from a harmonic least square fit
applied to the tropopause height monthly mean, reveals
that the first harmonic explains over 95% of the variance
for S-events at all three sites, clearly showing the annual
behavior. As to D-events, DF presents the same behavior
as ST. The DS first harmonic decreases its explained
variance in favor of the second one at EZE, and of
the second, third, and sixth at CRD. Notwithstanding,
RES presents no changes at all, the first harmonic still
explaining more than 95% of the variance.

As already mentioned, the tropopause height standard
deviation (σH) can provide insights into the variability
of the samples. In particular, the monthly mean stan-
dard deviations are now considered for understanding
the annual variability cycle in the tropopause height
(Figure 4).

At CRD, σST
H is between 1 and 1.3 km in the course of

the year, with weak minima at the beginning of autumn
and the end of spring, just when the Polar Jet stream
begins its northward displacement (in the first case) and
is returning (in the second case) (Palmén and Newton,
1971). σDF

H has a fairly stable behavior over the year,
close to the σST

H evolution, but σDS
H shows a well-defined

annual cycle with a minimum value in summer and
maximum values between April and October. For σDS

H ,
the growth is rather rapid in autumn but it tails off during
spring. In this case, it oscillates between 1.7 and 2.7 km.

At EZE, σST
H has a distinct annual cycle with largest

values in summer (≈2 km) and smallest in winter
(1.3 km). A rapid drop can be observed in the autumn-to-
winter change and a slower enhancement in the winter-to
summer transition. Again, σDF

H has a weak annual cycle

with a maximum in February. σDS
H has an annual evo-

lution in opposite phase to the σST
H one. As to DS, the

variance is smaller in summer and early autumn, and
maximum at the beginning of winter and spring. The first
maximum, early in winter, could be due to the passage
of both cold and warm fronts over the region at this time
of the year. Interestingly enough, except for May, June
and July, the values of σST

H are larger than those for σDS
H

and σDF
H .

The σST
H annual evolution over RES shows an annual

cycle with minima in summer (below 1 km) and maxima
in winter (above 1.5 km), while σDF

H has a semiannual
structure with maxima in autumn and spring. σDS

H does
not have an important seasonal evolution, though the
largest values occur during winter.

Thus, comparing the behavior in the three stations,
EZE seems to present the most diverse σH annual
evolution for all kinds of tropopause events. The highest
variability occurs for DS in winter over CRD and for ST
in summer over EZE.

Temperature. Figure 5 shows the annual cycle for
the monthly mean temperature at all three sites. The
temperature annual cycle over CRD has comparatively
weak amplitude, in agreement with the height evolution
and the vertical temperature profile described by Velasco
and Necco (1981). Temperature maxima occur between
November and February, while minima are reached
between May and September. Temperature annual cycle
for ST and DF are separated all year round by less than
5 °C, S-events being the cooler ones. DS temperature
oscillates between ST and DF, and is closer to ST (DF)
temperatures in summer (winter). This is in agreement
with the temperature profiles at mid-latitudes, where
there is very little temperature change with height in the
vicinity of the tropopause.

The temperature annual cycle over EZE has a larger
amplitude and is better defined than over CRD, which
was also the case with tropopause height. For ST, a min-
imum temperature is reached during January–February
and a maximum is reached in September. The spring-to-
summer cooling occurs at a faster rate than the warming
during autumn. The warmer DF temperature shows rela-
tive minima in June and during December – January, and
two maxima (a secondary one in February and a broad
one in late winter/early spring). DS has the same annual
evolution as ST, albeit 3–5 °C cooler.

DF annual cycle at RES is fairly similar to the one
for ST over EZE. The warmest period is during the late
winter (July to September), and the cooler tropopauses
are observed from December to January. At RES, DS
temperatures are very close to the ones of ST s all year
round, while DF is warmer by about 10 °C.

As can be seen from Figure 5, there is an inversion of
phase for the annual cycle of any kind of tropopause in
CRD with respect to the ones over RES. Besides, the DF
annual cycle at EZE is indeed dominated by the annual
wave, but with an important presence of the semi-annual
wave too.
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Figure 5. As in Fig. 3, but for tropopause temperature

The annual cycle of temperature is dominated by the
first harmonic at all three stations and for any kind
of tropopause in most cases. The only exception is
DF at EZE. In that case, the annual and the semi-
annual harmonics together explain about 90% of the
variance.

Temperature standard deviation (σT ) (Figure 6) shows
different behaviors depending on the latitude and the
kind of tropopause. σST

H shows an oscillatory annual
evolution at CRD, with a very weak range on the order of

1 °C, while at EZE the largest values are detected during
the summer months, followed by an important drop in
late summer/early autumn and a slow increase around
August. At RES, the σST

T annual cycle shows larger
values during the autumn-to-spring period. σDF

T at CRD
also shows a fairly stable behavior all year long, with
a slight maximum in spring. With regard to EZE, σDF

T

shows peak values in the middle of summer and winter.
The variability of DF is further enhanced at RES, with
largest values in February and March and an important
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Figure 6. As in Fig. 4, but for tropopause temperature

secondary peak in late spring (November, ≈8 °C). On
the other hand, σDS

T shows a very stable behavior at all
three sites, with only minor fluctuations along the year.
Such behavior is different from the σST

T evolution at RES,
which has a well-defined annual cycle.

A least square fit applied to the annual cycle of
tropopause σT reveals that the annual wave dominance
decreases with latitude for S-events. At CRD, all the
harmonics seem to be important, with the exception of
the fifth. With regard to D-events, the annual wave is

dominant at CRD for σDF
T , and the semi-annual wave is

dominant at the other two stations. Nevertheless, there is
an important presence of the annual wave at RES and
the semi-annual wave at CRD. Regarding σST

T , half of
the variance is explained by the annual wave at CRD,
while the second and third harmonics are important as
well; the annual wave by far dominates at EZE and is
almost as important as the semi-annual one at RES. This
can be related in a straightforward way to well-defined
cycles in the tropopause temperature variability.
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Figure 7. Same as in Fig. 3, but for potential temperature

Overall, the present analysis of the tropopause temper-
ature behavior suggests that

• ST tropopause temperature annual cycle shows a
decreasing amplitude with latitude, as well as a change
in phase at higher latitudes, reaching minimum values
during winter

• Temperature annual cycle over CRD for S- and D-
events do not differ by more than 5 °C all year long
and all of them are in phase

• Temperature annual cycle over RES is also in phase
for S- and D-events; they do not differ by more than
8 °C all year long

• DF shows a prominent semi-annual cycle at EZE, and
in general possesses the largest variability all year long
at RES

Potential Temperature. Tropopause potential tempera-
ture (θ ) climatological annual cycle is, in general, similar
to height evolution, with maxima in summer and minima
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in winter. This result is not surprising. Figure 7 shows the
annual cycle for every kind of tropopause discussed. As
the plots show, the similarity holds for the evolution of
S- as well as D-event situations. Nevertheless, an inter-
esting feature is the value of θDS . Indeed, θDS surface
oscillates in the vicinity of 380 to 400 K at all stations,
while the values for θST and θDF oscillate near 370, 350
and 340 K from north to south, as could be expected. θDF

at RES is always lower than θST by as much as 15 K. At
EZE, the difference is larger during summer and there is
no difference at all in winter. At CRD, both θST and θDF

have a very limited variability during the annual cycle.
Thus, the behavior of θDS poses an interesting chal-

lenge. Indeed, its value is remarkably close to that of
the tropical cold-point tropopause (e.g. Gettelman and
Forster, 2002) at all three stations.

Tropopause pressure frequency distribution

Hoinka (1998) studied the tropopause pressure dis-
tribution along 20 °E and 180 °E meridians, i.e. over
landmasses and above the Pacific Ocean, respectively,
using ECMWF reanalysis products and rawinsonde data.
Given that ECMWF reanalysis calculations yield only
one tropopause, S-events situations are considered first
(Figure 8(a)). In this case the tropopause pressure dis-
tribution is approximately along 60 °W. The frequency
distribution plot shows a large peak between 102 and
124 hPa over RES, with frequency of occurrence close
to 40%. The frequency of occurrence shows a marked
asymptotic tendency decreasing towards higher pressure
values. At EZE, the magnitude of the peak frequency
decreases and the distribution starts to flatten. At this sta-
tion there are two maxima, the most important one being
at 190–212 hPa, and the smaller one at 102–124 hPa.

The distribution asymmetry observed over RES is also
present over EZE. At mid-latitudes, over CRD, the pres-
sure distribution becomes more symmetric, with a single
maximum at the 212–234 hPa class interval.

In general these distributions are more peaked than
those described in Hoinka (1998) along 20 °E. How-
ever, the present results are in good agreement with
the ECMWF study, particularly over the South Pacific
(180 °E). If DF is now included together with the S-events
(Figure 8(b)), there will be some changes in the range
and frequency distribution, although the overall aspects
remain preserved. The frequency peak over RES will be
reduced to a value of 30%. If ST and DF data are taken
together, then the frequency distributions become closer
to Hoinka’s results, which is reasonable since the lat-
ter did not differentiate between these two states of the
tropopause.

Statistics of tropopause extremes evolution

The above results need to be understood in terms of the
tropopause dynamics and its coupling with troposphere
and stratosphere dynamics. One way to obtain fur-
ther insights on the underlying dynamic processes is to
observe the temporal evolution of the extreme values.
Very low or very high tropopause situations, and changes
from one extreme to the other, are good parameters to
study. Time sequences of persistence of the variable in
the upper or lowermost quintiles of the height frequency
distribution can be used for this purpose. Each quintile
includes 20% of the data. Therefore, analyzing first and
last quintiles will help us to understand the behavior of
extreme events.

The persistence for S-event sequences as well as com-
bined S- and D-events persistence sequences were con-
sidered. Tables II and III show the persistence frequency
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Figure 8. (a) Pressure frequency distribution for ST. (b) Pressure frequency distribution for combined ST and DF

Copyright  2006 Royal Meteorological Society Int. J. Climatol. 27: 189–209 (2007)
DOI: 10.1002/joc



TROPOPAUSE CLIMATOLOGY IN ARGENTINA 201

10S

5800

5750

5700

5650

5600

5550

5500

5450

5400

5350

5250
5200
5150

5400
5400

5450

5550
5500

5600

5650

5700

5750

5800

5450

5500

5550

5600

5650

5700

5750

5800

5100

5000

5350
5400

5450
5500

5550

5600

5650

5700

5750

5800

5300

NOAA–CIRES/Climate Diagnostics Center

15S

20S

25S

30S

35S

40S

45S

50S

55S

60S
120W 110W 100W 90W 80W 70W 60W 50W 40W

10S NOAA–CIRES/Climate Diagnostics Center

15S

20S

25S

30S

35S

40S

45S

50S

55S

60S
120W 110W 100W 90W 80W 70W 60W 50W 40W

10S NOAA–CIRES/Climate Diagnostics Center

15S

20S

25S

30S

35S

40S

45S

50S

55S 5200

5550

5600

5650

5700

5750

5800

5250

5300

5350

5400

5450

5500

5550

5600

5650

5750

5800

60S
120W 110W 100W 90W 80W 70W 60W 50W 40W

10S

15S

20S

25S

30S

35S

40S

45S

50S

55S

60S
120W 110W 100W 90W 80W 70W 60W 50W 40W

NOAA–CIRES/Climate Diagnostics Center

5800

5750

5700

5650

5600

5550

5600

5500

5450

5400

5350

5300

5250
5200

5350
5300

5400
5450

5500

5550

5600

5650

5700

5750

5800

(a) (b)

(c) (d)

(e)

10S

15S

20S

25S

30S

35S

40S

45S

50S

55S

60S
120W 110W 100W 90W 80W 70W 60W 50W 40W

NOAA–CIRES/Climate Diagnostics Center

5800

5750

5700

5650

5650

5600

5650 5700

5650

5700

5750

5600
5550

5500

5450

5400

5350
5300

5250

5200

5750

5800

Figure 9. 500 hPa synoptic situations composite for the two 5–1111 cases registered at RES in winter (16 July 2003 and 6 August 1986). (a)
corresponds to tropopause height within the limits of the last quintile and (b), (c), (d), (e) correspond to tropopause heights within the limits of
the first quintile. The location of the station is marked with a bold square. Images provided by the NOAA-CIRES Climate Diagnostics Center,

Boulder, Colorado, from their Web site at http://www.cdc.noaa.gov/

distribution for summer (DJF) as well as winter (JJA)
months. Persistence is calculated by counting the num-
ber of consecutive days that the variable holds within
the limits of the extreme quintiles. Each column of
Tables II and III shows the number of consecutive days
that the tropopause height holds within the limits of the
corresponding quintile. During summer months, S-event
sequences (II A) can most commonly remain in the
first quintile (lowest tropopauses) for 2 days, there being

little latitude differences. 3-day persistence sequences are
about a third as frequent as the 2-day situations at RES
and less than a fifth at CRD. Furthermore, for 3-day
sequences there is a decrease in frequency as the lati-
tude increases. 4- and 5-day sequences are rare but still
occur over RES and EZE. Two 6-day sequences occurred
only over EZE. If ST and DF are considered together,
there are many more sequences (II B). Now, the 2-day
sequences show a clear enhancement with latitude, i.e.
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such situations are almost twice as common at CRD than
at RES. On the other hand, the 3-day persistence events
are twice as frequent over EZE than at the other two sites.
Furthermore, EZE shows the most varied and extended
possibilities, including 5- 6- and 7-day sequences; an 8-
day sequence did only occur over RES.

Last quintile (highest tropopauses) results (II C) during
summer show significant 2-day persistence as well. It is
interesting to note that the number of sequences is similar
in both extreme quintiles. 3-day sequences for S-events
also show a similar frequency and latitude behavior as the
first quintile. The longer persistence sequences are even
rarer at RES and CRD, while EZE exhibits some 6- and
7-day situations. When DF is included in the sequences
(II D) the number of 2-day sequences is of the order of
50 events. 3-day sequences increase significantly at CRD,
but not much at EZE and RES. On the other hand 4- and
5-day sequences increase at EZE.

Analysis of the sequences during winter months
(Table III) yields somewhat different results. In S-event
sequences (III A) there is an increase with latitude
for 2-day first quintile sequences, a result that resem-
bles the summer one. CRD shows almost twice as
many such events as RES. 3-day sequences are now
of the same order at all three stations, with occur-
rences between a fifth and a third of the number of
2-day situations. Some 4- and 5-day sequences occur

at EZE and CRD and only one 6-day sequence at
EZE. For 2-day sequences, the latitudinal change remains
somewhat valid when DF is included (III B). While
no changes are observed at RES for 3-day situations,
there is an important increase over EZE and to a
lesser extend over CRD. The largest changes appear
when longer sequences are considered. 4-day sequences
show a surprising increase at EZE and RES. Even if
only a limited number of events are detected, these
occur at all three sites for sequences longer than
4 days.

Results for the last quintile events are also interesting.
S-event sequences (III C) show a weak increase with
latitude for 2-day sequences. There are 4-day situations
at EZE and CRD and 5-day situations only at EZE.
When DF is included in the analysis (III D), there is
an increase in the number of 2-day sequences without
latitudinal differences. 3-day sequences become far more
frequent at all three sites and 4-day situations also
increase significantly with a fairly large number of events
at EZE and CRD. Again, 5- or more day sequences
appear, particularly at EZE and CRD.

Dealing with extreme events is more instructive if
pictures of a suitable variable can be shown. Figure 9
shows a composite for the synoptic situation in 500 hPa
when a jump from the last quintile (related to an S-event)
to the first quintile (related to a D-event) occurs over

Table II. Persistence frequency of tropopause height in the first and last quintiles, in summer

SUMMER

(A) First Quintil ST

Station 2 3 4 5 6 7 8

RES 32 10 1 2 0 0 0
EZE 33 8 1 2 2 0 0
CRD 35 6 1 0 0 0 0

(B) First Quintil ST + DF

2 3 4 5 6 7 8

RES 34 11 7 2 0 0 1
EZE 41 23 2 6 3 1 0
CRD 59 10 4 0 0 0 0

(C) Last Quintil ST

Station 2 3 4 5 6 7 8

RES 36 11 1 1 0 0 0
EZE 29 3 2 1 1 2 0
CRD 31 7 3 1 0 0 0

(D) Last Quintil ST + DF

2 3 4 5 6 7 8

RES 48 16 1 1 0 0 0
EZE 49 5 4 4 1 1 1
CRD 50 30 3 2 0 0 0
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Table III. As in Table II, but for winter

WINTER

(A) First Quintil ST

Station 2 3 4 5 6 7 8

RES 24 9 0 0 0 0 0
EZE 35 6 1 2 1 0 0
CRD 40 8 4 1 0 0 0

(B) First Quintil ST + DF

2 3 4 5 6 7 8

RES 44 9 12 3 2 1 0
EZE 61 23 9 1 1 0 1
CRD 58 18 6 3 1 1 0

(C) Last Quintil ST

Station 2 3 4 5 6 7 8

RES 32 8 0 0 0 0 0
EZE 39 8 2 2 0 0 0
CRD 42 12 3 0 0 0 0

(D) Last Quintil ST + DF

Station 2 3 4 5 6 7 8

RES 52 26 3 0 2 0 0
EZE 59 17 11 3 2 1 1
CRD 55 25 7 5 1 1 0

Table IV. Number of fifth-to-first quintile jump in tropopause height at the three stations

Sequence

Season Station 5–1 5–11 5–111 5–1111 5–11111 5–111111

JJA RES 20 6 – 2 – 1
– EZE 10 1 – – – –
– CRD 10 – – – – –

DJF RES 12 2 2 2 1 –
– EZE 13 3 – – – –
– CRD 5 3 – – – –

RES and the tropopause height ‘persists’ in that situation
for four days. The source for this set of figures is
the NCEP/NCAR Reanalysis (Kalnay et al., 1996). It
starts when the tropopause height is located in the last
quintile (Figure 9(a)). At any time between Figure 9(a))
and Figure 9(b) the fifth-to-first quintile jump occurs. In
other words, there is a synoptic perturbation that leads to
a single-to-double tropopause change. In Figure 9(b–e),
the tropopause (DF ) height is located in the first quintile.
This sequence is named a 5–1111 sequence: the ‘5’
means that the tropopause height over RES in the first
map is within the limits of the fifth quintile; successive 1s
after the hyphen denote the days in which the tropopause
height ‘persists’ within the limits of the first quintile. This

process is mainly linked to the passage of intense cold
fronts, which results in the abrupt change of air masses
(Coronel, 2001) and, consequently, in the tropopause
height. The more the number of 1s that are located after
the hyphen, the more intense the anticyclone following
the cold front will be, because a more persistent situation
is brought about. Figure 9 shows the development of
an intense system over the Pacific Ocean and a quasi
stationary trough in the northeastern part of Argentina.
Attention must be focused on the second system though,
which is marked by a bold line in each of the figure
subparts. Following this example, Table IV shows the
occurrence of these sequences for winter (JJA) and
summer (DJF); the fifth-to-first quintile change takes
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place at any time between two consecutive days. These
were selected after considering the change from one
observation at the upper quintile to situations with one
or more days ‘persisting’ in the first quintile. The largest
number of sequences occurs over RES in winter, when
cold fronts can reach lower latitudes, with 1- and 2-day
persistence situations. Hoffmann (1971) studied different
parameters related to the passage of fronts at Corrientes
(ϕ = 27.43 °S, λ = 58.75 °O), a northern Argentine city
separated from RES by only the wide Parana River.
This city experiences the passage of 43.6 cold fronts per
year, or 3.6 cold fronts per month. CRD and EZE show
a similar number of 1-day situations solely in winter.
Furthermore, only RES shows the occurrence of longer
sequences both in winter and in summer. The change
from a low tropopause into a very high one is the inverse
option, but it is not very common and so will not be
considered here.

DISCUSSION

The seasonal evolution of the occurrences of single
and double tropopauses can be explained in terms of
the main seasonal and synoptic scale processes in the
region. During winter, the polar front moves north of
CRD. It reaches its northernmost position near 30 °S,
between July and September. This is the northernmost
edge of the baroclinic zone, which peaks both near
60 °S and just south of the subtropical jet (Karoly et al.,
1998, and references therein). In early spring it begins
its southward retreat towards its southernmost summer
position, near 50 °S, with reduced baroclinicity (Karoly
et al., 1998). This annual evolution can help understand
the frequency distribution of S- and D-events. As pointed
out in Palmén and Newton (1971), breaks in tropopause
and D-events can be associated with the passage of
frontal systems. The contrast between the air masses at
the edge of the frontal system can define the magnitude
of the change in the tropopause height. Such a change
can even lead to a separation into a lower and an upper
tropopause. Coronel (2001) studied several properties of
the air masses affecting Argentina, one of them being the
equivalent potential temperature (θae), which is perhaps
the most conservative parameter used to characterize an
air mass. At EZE and RES there is a difference of 20 K
in the θae values after the passage of a cold front. This
difference is constant below 400 hPa over EZE, and
below 800 hPa over RES.

Yet, Pan et al. (2004) considered the subtropical jet
the primary source for D-events. The tropopause break
in the vicinity of the subtropical jet is well documented.
The following example shows that D-events can indeed
occur in the presence of a frontal jet, in agreement with
Palmén and Newton (1971). Figure 10 shows the state of
the atmosphere when a double tropopause is detected in
the vicinity of CRD in spring. The chosen sample cor-
responds to the passage of a cold front over CRD, and
therefore a fifth-to-first quintile jump in the tropopause

height occurs in the framework of a 5–11 sequence, as
discussed in the previous section. The vertical cross sec-
tion plots at 67 °W presented in Figure 10(a) and (b) show
the evolution of the frontal jet, on 9 and 11 October 1992,
in the vicinity of CRD. The corresponding temperature
and dew-point soundings can be seen in Figure 10(c)
and (d). In addition, Figure 10(e) sketches the regional
map with the positions of the frontal jet over Central
Patagonia and near CRD, and the subtropical jet in the
region north of EZE and RES, over Northern Argentina
and Southern Brazil, on these two days. On the 9th,
when the frontal jet near 250 hPa is located south of
CRD (Figure 10(a)), the rawinsonde profile shows a well-
defined single tropopause (Figure 10(c)). On the 11th, the
frontal jet, now at 300 hPa and slightly less intense, has
moved north beyond CRD (Figure 10(b)). The tempera-
ture profile (Figure 10(d)) now shows a distinct double
tropopause. The wind has a maximum intensity at the
tropopause level, as can be seen from Figure 10(c–d).
This frontal activity took place within the region of influ-
ence of the SH storm track, over southern South America
at this time of the year (Karoly et al., 1998). This exam-
ple thus verifies the conclusions reached by Palmén and
Newton (1971) over southern mid-latitudes. The subse-
quent paragraphs show how significant this mechanism
can be for the occurrence of D-events.

The frontal activity depicted is consistent with the
location of NH deep Stratosphere-Troposhere Exchange
(STE) events that, as shown in Stohl et al. (2003), coin-
cides with the NH stormtrack during the winter months.
In other words, the present analysis shows that jets in the
vicinity of the tropopause – be it the subtropical jet or jets
associated with frontal activity – can lead to tropopause
breaks and double, or maybe even multiple, tropopause
situations.

Cold fronts passages are the most common transient
weather events over the continent. Mid-latitude cyclones
coming from the Pacific cross the Andes and Argentina
south of 35 °S, and take an east-southeasterly course into
the Atlantic Ocean, while the cold front associated with
the low-pressure center follows a north-eastward route. In
general, the frontal penetrations are well spread over all
seasons in all latitudinal bands. However, they are more
frequent in the southern latitudinal belt (35 °S to 45 °S)
and less frequent in the northern belt (north of 20 °S)
(Oliveira, 1986).

Given that the horizontal temperature contrast between
air masses is important to the impact of frontal systems
in the tropopause, it is primarily in summer that the
passage of cold fronts can produce tropopause breaks and
D-events over CRD. Indeed, in winter the temperature
contrast between the different air masses (i.e. between
the local air mass and the air mass that follows the
frontal zone and moves to the north) is comparatively
small. During summer this contrast is larger owing to
the large radiative warming of the local air masses
over the continent. This larger change can lead to more
pronounced effects upon the tropopause, including breaks
in the tropopause and a resulting double tropopause. It
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is important to mention that during winter this region
is under the influence of the subpolar low-pressure
belt, which carries successive troughs associated to cold
fronts, giving the dynamical conditions for the presence
of double tropopause. Hence, the different mechanisms
present in summer and winter lead to a more or less
constant frequency of D-events over CRD.

On the other hand, more frequent D-events in winter
and early spring over EZE are associated to the back
and forth motion of the polar front and with the passage
of cold fronts and their associated jet stream. Besides,
the subtropical jet tends to place itself near the latitude
of EZE in winter, and hence the associated baroclinic
zone increases the chances of frontal perturbations in
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Figure 10. (a) Vertical cross section along 67 °W on 9 October 1992. (b) As in (a), but for 11 October 1992. (c) Temperature and dew-point
soundings at CRD, 12UTC on 9 October 1992. The arrow marks the single tropopause position. (d) As in (c), but for 11 October 1992. Two
arrows mark the two different observed tropopauses. (e) Position of the subtropical jet (STJ) and the jet associated to the cold front (CFJ) moving
northward, on 9 October 1992 (black arrows), and 11 October 1992 (gray arrows). Circles indicate the location of the stations. Figures (a) and (b)

provided by the NOAA-CIRES Climate Diagnostics Center, Boulder, Colorado, from their Web site at http://www.cdc.noaa.gov/
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the region. In summer, the much less chances of cold
air surges in the region limit the probability of D-
events. Nevertheless, it should be noted that the region
is particularly influenced by the subtropical front in
summer. This front is not so easily identified as the polar
front, but it is also associated with tropopause breaks
(Palmén and Newton, 1971).

Over RES, the behavior is similar to EZE but with a
larger seasonal contrast. Even after taking into account
the limitations of the data set, the large seasonal variabil-
ity can be due to the passage of cold and warm fronts,
but with a marked seasonal pattern. During summer, this
region comes under the frequent influence of tropical
air masses, with high temperatures and elevated water
vapor content, which move from the Intertropical Conver-
gence Zone into higher latitudes. In winter, the region is
under the influence of colder systems, which have moved
north, and occasionally comes under the effect of cold
fronts traveling through Argentine Patagonia and central
Argentina as far north as RES and even further, well into
Brazil.

The tropopause height annual cycle, with minima in
winter and maxima in summer, has a fairly similar range
of approximately 2 km at all three sites. The annual
cycle can explain more that 90% of the total variance
for S-events at each of the stations and for D-events at
RES. In other situations, higher harmonics need to be
considered. Furthermore, the annual evolution of DF and
DS shows a change in the thickness of the tropopause
layer that they define on occurrence. This tropopause
thickness varies from 6 km at CRD to 4 km at RES. As
discussed above, D-events at all locations are primarily
linked to the passage of cold fronts, particularly in winter.
In summer, the tropopause behavior at RES and EZE
could be influenced by the tropical tropopause, linked
to the DS. It is interesting to note that during the May-
1997 mini-hole event over central Argentina and Chile,
trajectory calculations showed the possible advection of
tropical air in the subtropical lower stratosphere, and the
tropopause height at that time was close to that observed
in the tropics, in the vicinity of 100 hPa (Canziani et al.,
2002).

ST, DF and DS temperature at RES possess an annual
cycle in agreement with those for the height annual cycle,
i.e. opposite in phase, with maximum temperature found
between May and September. At the other two stations
the maximum ST temperature is detected towards spring
and early summer at EZE, and summer at CRD. Further-
more, the layer determined by both D-event tropopauses
at CRD has a distinct isothermal behavior practically all
year round, just as it was pointed out by Velasco and
Necco (1981) considering the errors in the tropopause
temperature measurement. This feature is also true at EZE
during the winter months, especially in June.

S-events tropopause height variability is maximum in
winter (summer) at RES (EZE) and almost constant all
year round at CRD. This feature differentiates S-events
tropopause height behavior at a tropical station such as

RES, from a transition station such as EZE, and a mid-
latitude station such as CRD. Temperature variability of
S-events maximizes at RES in winter, while at EZE it
is fairly constant during that season and fairly stable
all year round at CRD. In the first case, the sequence
of cold and warm air masses with similar occurrence
rates identify this subtropical region as a transition one
in winter (Bischoff and Coronel, 1989). ST temperature
and height variability at RES peaks around March and
November, suggesting that there may be a significant
alternation of subtropical and tropical air masses or
even masses traveling so far north from southern mid-
latitudes. Indeed, the very high tropopause in the summer
months could imply a more stable presence of tropical
air over the region. Furthermore, the relatively high
variability between July and September could be due
to cold air intrusions that can occur at this time of the
year, occasionally even affecting southern Brazil as far
as Rio de Janeiro (Satyamurty et al., 2002; Escobar and
Bischoff, 2001; Garreaud, 2000). There are even cases in
which the cold front crosses the Equator in the northern
Amazon region, followed by a friagem (Fortune and
Kousky, 1983). The term friagem refers to a period of
cold weather in the middle and upper parts of the Amazon
Valley and in eastern Bolivia.

Transition station EZE shows a maximum variability
in summer both for the ST and DF. In summer, this
region comes under the influence of warm and mildly
cold air masses associated with a southward circulation
driven by the South Atlantic anticyclone and northward
flow perturbations that sometimes reach this latitude. In
winter, warm air intrusions are far less frequent, owing
to the northernmost displacement of the Polar Jet and the
presence of more homogenous air masses.

As pointed out by Schwertfeger (1951), the summer-to-
winter circulation change over southern South America is
far shorter during the autumn (approximately two weeks)
than the opposite transition during spring. From the above
analysis we can consider that the largest variability can
occur when this type of air masses change and such a
situation can occur more frequently during the winter-
to-summer transition, since it lasts much longer than
the opposite transition. Such behavior is characteristic
of the weather at EZE, from late August to October, and
explains the shift in the occurrence of D-events towards
the second half of the year. At RES, the more frequent
air mass variability occurs in the winter months, and this
is when we observe the more frequent D-events, with a
tail toward the late spring months. On the other hand, air
masses at CRD tend to be more stable, and the larger
variability in air masses occurs in summer.

The calculation of the mean potential temperatures and
their annual cycle provides an additional and interest-
ing issue regarding the ExTL and its definition. Using
observations obtained during airborne experiments car-
ried out in 71 flights over northern extratropical latitudes,
Pan et al. (2004) determined a region above the thermal
tropopause in which the sampled air could have compo-
sition characteristics corresponding to mixed air masses
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of both tropospheric and stratospheric origin, i.e. a transi-
tion region between the troposphere and the stratosphere.
They found that this transition layer was usually confined
to the first 1–3 km above the thermal tropopause, but the
thickness of the mixing layer above the tropopause could
be as much as 4–6 km, particularly in the vicinity of
the subtropical jet. Thus, Pan et al. (2004) suggest that
this transition layer should be considered the extratropical
tropopause layer or the ExTL. Our current observations
yield height differences between the first and the second
tropopause, ranging between 2 and 3 km at RES near the
tropics and as much as 5–6 km at CRD at mid-latitudes,
which is clearly consistent with the findings in Pan et al.
(2004).

The present analysis, together with seminal concepts
introduced in the 1990s, provides further insights for the
ExTL definition. The fact that DS occurs at an almost
constant potential temperature, virtually an isentropic sur-
face, at least as far south as CRD, i.e. 45 °S, is very inter-
esting. That such an isentropic surface coincides with the
more commonly used definition of the tropical cold-point
tropopause, when given in terms of θ , is highly sugges-
tive. As defined in Gettelman and Forster (2002) the TTL
layer is the layer between the minimum lapse rate and the
cold-point tropopause. Pan et al. (2004) showed a typical
example of the break in tropopause near the subtropical
jet, in which the equatorward tropopause extends almost
level from the tropics. The present results show that this
upper tropopause can extend well into the mid-latitudes
with practically no changes in height in terms of isen-
tropic height, i.e. as a practically constant upper level for
upper tropospheric jets – both the subtropical jet and jets
associated with frontal activity.

It could be argued that the lower boundary of the
tropopause layer in the extratropics would be given either
in terms of ST or DF (which can be lower than ST
at subtropical latitudes) and the upper boundary by the
380/400 K isentropic. Now, this region coincides with
what Hoskins (1991) called the ‘middle world’ and
Holton et al. (1995) called the lowermost stratosphere.
These authors defined the ‘middle world’ or lowermost
stratosphere as a region in which quasi horizontal mixing
of tropospheric and stratospheric air can occur, with an
upper limit in the vicinity of the 380 K isentrope. This
region has isentropic surfaces that are shared with the
troposphere at latitudes where comparatively more rapid
STEs can occur, despite the dynamic tropopause transport
barrier. Considering local/regional STE processes, such a
definition agrees with observations in Pan et al. (2004),
i.e. it is a region where significant mixing can occur.
As noted in the previous paragraph, chemical composi-
tion in these regions has characteristics that result from
the mixing of both down-welling stratospheric and tro-
pospheric air, which episodically, but significantly, enters
it quasi-isentropically in the subtropics and mid-latitudes
through the tropopause (Stohl et al., 2003). There is no
reason to believe that the processes involved in STE are
significantly different between hemispheres. Nor is there
any reason to doubt that the basic behavior of the double

tropopause situations is any different in the NH from the
results shown here. Indeed, the location of the deep STE
events in the NH, as shown in Stohl et al. (2003), coin-
cide with the NH stormtrack during the winter months,
and significant exchanges also occur in the vicinity of
the NH subtropical jet. As noted above, the sample event
presented in Figure 10 is located in the vicinity of the
SH storm track, and thus could lead to STE processes.
In other words, the present analysis shows SH jets in
the vicinity of the tropopause, be it the subtropical jet
or jets associated with frontal activity, leading to breaks
in the tropopause and double or maybe even multiple
tropopause situations, in agreement with previous NH
observations and STE results.

Considering the chemical composition results above
the thermal tropopause in Pan et al. (2004), together
with the rawinsonde observations in this analysis, which
show (1) height ranges between the first and second
tropopause in agreement with composition observations,
and (2) that the ST has a virtually constant potential
temperature in the range 380/400 K at least up to the
mid-latitudes of the extratropics, and also considering
that these two sets of observations are consistent with
the dynamical/physical processes that are to be expected
at those heights near the tropopause, it is then possible
to define the ExTL as the region between the thermal
tropopause and the 380 K isentropic. In other words,
the ExTL is equivalent to Hoskins’ ‘middle world’or
Holton’s lowermost stratosphere.

CONCLUDING REMARKS

Understanding the occurrence and the characteristics of
D-events is necessary to understand the mechanisms that
drive STE and its seasonality. Relating such behavior
with the synoptic variability of the ozone column at a
given point is also important in order to be able to forecast
surface UV-radiation levels. D-events in winter – mainly
over CRD and to a lesser extent at EZE – could provide
a fairly extended layer (5 to 6 km, on average) for
exchange processes, given that these events are primarily
linked to frontal systems or jets. The effects of the frontal
jets as a transport barrier need to be further studied; there
is evidence of enhanced STE processes as discussed,
though. Thus, the determination of the full impacts
of these broad ExTLs upon the exchange mechanisms
requires a more detailed dynamic analysis, which is
beyond the scope of the present work. Nevertheless, the
present results, in particular, the rate of occurrence of
such situations (35–40%), indeed show that there can
be effective stratosphere–troposphere transfer processes
during D-events and they could turn out to be important
exchange mechanisms. Finally, the observed similarity of
the DS potential temperature with the upper boundary of
the TTL could provide further insights into the STE as
well as on the dynamic coupling between the troposphere
and the stratosphere.
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