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Argentina (UCA), Argentina
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ABSTRACT: In order to provide further insights into the relationships between the tropopause and different mandatory
levels, this paper discusses the coupling between standardized tropopause height anomalies (STHAs) and standardized
500-hPa and 100-hPa height anomalies (S5HAs and S1HAs, respectively) within the ‘climatic year’ for three sets of
upper-air stations located approximately along 20 °S, 30 °S and 45 °S. Data used in this research consists in a radiosonde
database spanning the period 1973–2007. The mandatory levels are supposed to be included in each radiosonde profile.
The tropopause, on the other hand, is calculated from the significant levels available for each sounding using the lapse rate
definition. After applying a selection procedure, a basic statistical analysis combined with Fourier analysis is carried out in
order to build up the standardized variables. Empirical orthogonal functions (EOFs) in S-mode are used to get the normal
modes of oscillation as well as their time evolution, for STHA/S5HA as well as for STHA/S1HA coupling, separately,
within the aforementioned latitudes.

Overall, there are definite cycles in the time evolution associated with each EOF structure at all three latitudes, the
semi-annual wave playing the most important role in most of the cases. Nevertheless, 20 °S seems to be the only latitude
driven by diabatic heating cycles in the middle atmosphere. Certainly, EOF1 at this latitude has a semi-annual behaviour
and seems to be strongly influenced by the tropical convection seasonality. Apparently, the convectively driven release of
latent heat in the middle troposphere affects the time evolution of the EOF1 structure. By contrast, the vertical propagation
of planetary waves is raised as a possible explanation for the EOF1 and EOF2 behaviour at latitudes beyond 20 °S, in view
of the close connection existent between the semi-annual oscillation (SAO) and the reversion in the direction of the zonal
wind. Copyright  2009 Royal Meteorological Society
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1. Introduction

There are many reasons to study the tropopause. Amid
them is the need to understand stratosphere–troposphere
exchange processes. Other processes taking place in its
vicinity, e.g. wave breakings (Berrisford et al., 2007;
Martius et al., 2007), are also relevant. Furthermore,
tropopause height has been used as a tracer within the
scope of global warming and climate change studies (e.g.
Santer et al., 2003) and, more recently, to provide evi-
dences of a widening of the tropical region (Seidel and
Randel, 2007). Likewise, ozone changes can also signifi-
cantly influence the tropopause (Santer et al., 2003). The
tropopause is thus relevant in a number of atmospheric
processes, making it necessary to understand the linkages
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between tropospheric as well as stratospheric processes
in determining its evolution.

The World Meteorological Organization (WMO)
defines the tropopause as ‘the boundary layer between
the troposphere and the stratosphere, where an abrupt
change in lapse rate usually occurs’. The precise tech-
nical definition can be found, for instance, in WMO
(1992), a definition regarded as the thermal tropopause
or lapse rate tropopause (LRT). This definition also
considers the presence of a second tropopause. LRT
can then be used to obtain thermal tropopauses from
radiosonde profiles. Strictly speaking, even though the
exact location of LRT can only be obtained using sig-
nificant levels, some algorithms estimate it from manda-
tory ones (e.g. Reichler et al., 2003; Zängl and Hoinka,
2001). Just the way WMO (1992) considers the presence
of single as well as double tropopauses, even multiple
tropopauses are expected to occur in certain situations
and can be detected in a radiosonde profile. Therefore,
within the LRT framework, the term ‘tropopause’ renders
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ambiguous. As a matter of fact, the tropopause should be
viewed as a finite layer rather than as a transition surface
(Bischoff et al., 2007; Pan et al., 2004).

The dynamic tropopause (DYN) is defined in terms
of Ertel’s potential vorticity (PV) (Ertel, 1942a, 1942b).
A major issue when attempting to use PV with obser-
vational data is that the evaluation of the absolute vor-
ticity needs to be accurate, something that cannot be
accomplished for the extremely sparse Southern Hemi-
sphere (SH) radiosonde network. Owing to the large
stratospheric static stability, the PV magnitude increases
upwards (e.g. Hartmann, 1977). This significant differ-
ence between the stratosphere and the troposphere can be
exploited to define DYN as an isertelic surface, i.e. a PV
isoline. However, the DYN definition remains arbitrary.
Despite the fact that WMO (1986) defined DYN as the
1.6 potential vorticity units (PVU) surface for the North-
ern Hemisphere (NH) (similarly, −1.6 PVU in the SH),
many authors have considered different values (e.g. Goer-
ing et al., 2001; Griffiths et al., 2000; Rood et al., 1997;
Bush and Peltier, 1994; Rotunno et al., 1994; Hoerling
et al., 1991) or even a variable latitude-dependant defini-
tion. Multiple tropopauses can also be found within the
DYN framework anytime an isertelic surface is cut more
than once by an imaginary vertical line. Many authors
have assessed the similarities and differences between
LRT and DYN. Amidst them, Wirth (2000) analysed the
‘aspect ratio’, i.e. hundredfold the vertical-to-horizontal
ratio of PV anomalies, for upper-tropospheric balanced
flow anomalies, concluding that LRT holds the same posi-
tion and sharpness when the aspect ratio is either �1 or
�1, whilst DYN does not. It is worth noting that the
concept of tropopause break (TB) fits well within the
LRT framework, while the concept of tropopause folding
(TF) is used within the DYN framework. Both concepts
are not separate entities though, and the location of TBs
and TFs should coincide at least qualitatively in space as
well as in time. Given this, from now on they are referred
to as multiple tropopause events (MTEs), irrespective of
the framework used.

The processes that lead to MTEs are not only tied
to the subtropical jet (Baray et al., 2000; Kowol-Santen
and Ancellet, 2000) but also to frontal system compan-
ion jets (Bischoff et al., 2007), cut-off cyclones (Wirth
and Egger, 1999; Price and Vaughan, 1993), cyclogene-
sis (Appenzeller and Davies, 1992), synoptic and sub-
synoptic-scale interactions and processes (Appenzeller
et al., 1996; Poulida et al., 1996; Uccellini et al., 1985)
and wave breakings (Bradshaw et al., 2002; Postel and
Hitchman, 1999; Lamarque et al., 1996). The schematic
provided by Shapiro et al. (1987, cf. their Figure 17)
for the NH suggests that the most important source for
MTEs is connected to upper-level jets. A similar scenario
probably holds for the SH, although many aspects of
the tropopause studies are still lacking within this hemi-
sphere.

The long-term position of the tropopause throughout
the tropics can be depicted with a radiative-convective
model (Schneider, 2007; Vallis, 2006, p 526; Barry and

Carleton, 2001, p 121), in which vertical transports of
heat prevent the lapse rate γ = −∂T /∂z from exceeding
a prescribed threshold, as long as deep convection is the
dominant convective process. With regard to the extra-
tropical regions, the lack of deep convection dominance
complicates this straightforward picture. Notwithstand-
ing, baroclinic eddies seem to play a central role in defin-
ing the extra-tropical tropopause height and upper tropo-
sphere/lower stratosphere (UTLS) behaviour (Canziani
et al., 2008; Schneider, 2004; Haynes et al., 2001). In
short, the location of the tropopause is most likely deter-
mined by instabilities, either convective (tropics) or baro-
clinic (extra-tropics). Thuburn and Craig (1997) noted
that the height of the tropopause is strongly sensitive
to the earth’s surface temperature. A vivid example of
their outcome arises when the tropopause over the Tropi-
cal Western Pacific Warm Pool (TWPWP) is considered.
TWPWP is ‘the region of the warmest sea surface temper-
ature in the open oceans, which coexists with the largest
annual precipitation and latent heat release in the atmo-
sphere’ (Webster and Lukas, 1992). According to Seidel
et al. (2001), the tropopause reaches the coldest temper-
ature records worldwide in the above-mentioned region.
Nevertheless, Shimizu and Tsuda (2000) noted that the
tropopause over Indonesia is even colder. Johnson (1986)
analysed short-term variations of the TWPWP tropopause
height and related them to deep convection. The latent
heat released by convective-driven processes is critically
important in determining the height of the tropopause.
In other words, stability, which can be straightforwardly
related to γ (e.g. Gates, 1961), plays an important role
in its determination. The fact that there exists a pro-
portional relationship between tropopause potential tem-
perature and tropopause height and that the constant of
proportionality involves stratospheric as well as tropo-
spheric lapse rates (Juckes, 1994) stresses the importance
of γ to the tropopause.

Canziani et al. (2008) recently discussed decadal vari-
ations in the SH extra-tropical UTLS, showing differ-
ing contributions to the state of this atmospheric region,
depending on latitude and season. The behaviour of dif-
ferent variables at several mandatory levels has been also
a major research topic for the SH. In particular, 500 hPa
has been the object of many studies (e.g. Kidson and
Sinclair, 1995; Ghil and Mo, 1991; Mo and Ghil, 1987;
Trenberth, 1982, 1980, 1979) because it is considered a
reference level for the middle troposphere. By contrast,
research efforts addressing 100-hPa features are scarce. In
spite of the existence of high-variability regions over the
SH (Hoskins and Hodges, 2005; Nakamura and Shimpo,
2004; Berbery and Vera, 1996; Trenberth, 1991, 1981;
Physick, 1981), the tropopause over these regions has
received scant attention to date. Moreover, how each
of these two mandatory levels behaves jointly with the
tropopause as a function of latitude and season is still
uncertain.

Unlike previous studies, the joint behaviour of the
tropopause and these two mandatory levels is considered
here. This is the main aim of the present research.
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The radiosonde-derived thermal tropopause height and
its coupling with the 500 and 100 hPa height along three
latitudes in the SH is climatologically examined by means
of the normal modes of oscillation. Normal modes in the
atmosphere have been studied using different procedures
(e.g. Brunet, 1994; Schnur et al., 1993), whereas an
instructive theoretical approach to normal modes is
presented in North (1984). Using empirical orthogonal
function (EOF) analysis, the eigenvectors estimated from
the correlation matrix are regarded as the normal modes
of the system in the present research. In this respect, the
present effort is entirely dedicated to the study of single
tropopause events (STEs) and to present a description
of the method employed. Additionally, a climatology-
based explanation of why the number of MTEs increases
southwards is presented. The present paper establishes the
criteria and methodology necessary to perform a similar
but complementary analysis referred to double tropopause
events (manuscript in preparation).

An outline of this paper is as follows: Section 2
is devoted to data description and Section 3 describes
the selection procedure and methodology. Results and
discussion are presented in Section 4. Summary and
concluding remarks appear in Section 5.

2. Data

Radiosonde data from the worldwide upper-air network
are obtained from the dataset available at the Depart-
ment of Atmospheric Science, College of Engineering,
University of Wyoming (http://weather.uwyo.edu/). Each
available sounding includes the following variables: pres-
sure, height, temperature, dew point, mixing ratio, rel-
ative humidity, wind direction, wind intensity, poten-
tial temperature, equivalent potential temperature, virtual
potential temperature as well as station information and
sounding indices. Attention is focused on three differ-
ent latitudes, with upper-air stations located approxi-
mately along 20 °S, 30 °S and 45 °S (Figure 1). Table I
presents the list of these stations, along with other rele-
vant information. Although the issue of data void regions
is problematic in the SH, nine upper-air stations were
taken to represent 20 °S and 45 °S, whilst ten stations
were selected to do so for 30 °S. Radiosonde records at
each station are selected depending on the most complete
launching hour. The period spanned by each dataset as
well as the percentage of available soundings at each
station can be found in Table II. It can be seen from
Table II that the records for those stations located in
South America are most complete for 12Z, whereas the
same is true for the remaining stations at 00Z. In gen-
eral, those stations located in Australia and Oceania have
more than 75% of available soundings. Also shown in
Table II are the percentages of available data for 500 and
100 hPa as well as for detected tropopauses, as calculated
from the total number of available soundings. The most
important feature is that the chosen stations have more

Figure 1. Location of the upper-air stations used in this research.

than 75% available data for both mandatory levels. As
seen below, it is not casual that the lower percentages
of detected tropopauses correspond to stations located
beyond 45 °S.

The tropopause-finding algorithm is as follows. Hav-
ing separated significant and mandatory levels from
each other for each available sounding, tropopauses are
obtained from significant levels. Computations are car-
ried out with the aid of a FORTRAN program with the
capability to find up to five tropopauses. STEs as well as
different MTEs are treated as being independent. Only
six variables from each daily set of significant levels are
kept, namely pressure, height, temperature, potential tem-
perature, wind direction and wind intensity. Except for
pressure, the same variables are kept for 500 and 100 hPa.
For the whole analysis period, the number of tropopauses
is accounted at each station and percentages of different
tropopause events are calculated. These percentages are
shown in Table III. STEs are dominant at all the stations,
although some differences arise, depending on the lati-
tude at which each station is found. In principle, MTEs
percentages increase southwards. For instance, it is less
than 10% over FMMI, while over FAME this percent-
age increases up to ≈25%. This can be straightforwardly
related to the presence of high-variability regions, and
is in complete agreement with the researches stating the
fact that MTEs take place mostly in association with baro-
clinic zones (e.g. Staley, 1982, 1962, 1960). Indeed, the
SH storm tracks (Hoskins and Hodges, 2005; Trenberth,
1991) are mainly located along the representative latitude
for 45 °S considered here.

It is also convenient to know how many MTEs are
not detected due to balloon burst. Mandatory levels
included for almost all soundings are a good proxy
for the balloon burst assessment at each station. The
balloon burst level is close to the last reported mandatory
level. The number of available mandatory levels between
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Table I. Station information for the upper-air stations used in this research.

Station number Station name Station identifier Latitude Longitude Elevation (m)

20 °S
67083∗ Antananarivo FMMI 18°47′S 47°28′E 1276
67964 Bulawayo – 20°08′S 28°37′E 1344
83612 Campo Grande SBCG 20°27′S 54°39′W 567
83650 Trindade – 20°30′S 29°18′W 4
91592∗ Noumea NWWN 22°16′S 166°26′E 72
91843 Rarotonga NCRG 21°12′S 159°48′W 7
94294∗ Townsville YBTL 19°15′S 146°45′E 9
94312∗ Port Hedland YPPD 20°22′S 118°37′E 9
YBMA Mount Isa YBMA 20°41′S 139°28′E 341

30 °S
68442 Bloemfontein FABL 29°06′S 26°17′E 1354
68588∗ Durban FADN 29°57′S 30°57′E 14
83971 Porto Alegre SBPA 30°00′S 51°11′W 3
85469∗ Isla De Pascua SCIP 27°09′S 109°26′W 41
87155∗ Resistencia SARE 27°27′S 59°02′W 52
91958∗ Rapa – 27°37′S 144°20′W 2
93997∗ Raoul Island NZRN 29°15′S 177°55′W 49
94578 Brisbane YBBN 27°23′S 153°08′E 5
94996 Norfolk Island YSNF 29°02′S 167°56′E 110
95527 Moree Mo – 29°29′S 149°50′E 219

45 °S
61998∗ Port-Aux-Francais – 49°20′S 70°15′E 30
68994∗ Marion Island FAME 46°53′S 37°52′E 21
85934∗ Punta Arenas SCCI 53°00′S 70°20′W 33
87860∗ Comodoro Rivadavia SAVC 45°46′S 67°30′W 46
88889∗ Mount Pleasant EGYP 51°49′S 58°27′W 73
93844∗ Invercargill NZNV 46°24′S 168°18′E 4
93986∗ Chatham Island NZCI 43°57′S 176°33′W 48
94975∗ Hobart YMHB 42°50′S 147°30′E 27
94998∗ Macquarie Island YMMQ 54°30′S 158°57′E 8

The location of these stations can be found in Figure 1. The station identifier refers to the International Civil Aviation Organization (ICAO) code.
Stations marked with an asterisk are included in Wallis (1998) as a subset of the Core Stations from the Comprehensive Aerological Dataset
(CARDS).

850 and 10 hPa was accounted for in the total number
of available soundings (cf. Table II). In summary, at
almost all the stations along 20 °S (30 °S and 45 °S), that
number presents a dramatic decrease upwards of 100 hPa
(50 hPa) (results not shown). It can be inferred from
these results that MTEs can rarely be detected using
radiosonde data along 20 °S. The combination of the
level of balloon burst and the location of high-variability
regions would appear to suggest a plausible explanation
on why the number of MTEs increases southwards. It
is interesting to note from Table III that percentages of
STEs at all the stations located in 20 °S are over 75%,
and that for MTEs for most, but not all, of the stations
located in 45 °S are over 25%, in accordance with the
above-exposed arguments. It is worth mentioning that
the percentage of MTEs is over 10% for all the stations
beyond 20 °S. The greatest MTE percentage is not present
over the southernmost latitude, but over Moree Mo,
located in 30 °S. Sinclair (1995, 1994) showed that the
region where this station is found is one of the most
cyclogenetically active in the SH, particularly in winter.

Similar results at 300 hPa can be found in Inatsu and
Hoskins (2004). The combination of either Sinclair’s or
Inatsu and Hoskins’ results along with the ones presented
in this work highlight the fact that MTEs are expected
to occur at high-variability regions. Furthermore, the
minimum number of STEs is accounted over SAVC, a
southernmost latitude station also presenting the highest
record of triple as well as quadruple tropopause events
(not discernable from Table III). These kinds of results
suggest the fact that local processes critically influence
the tropopause. Nevertheless, aside from the influence
of local processes, the above-mentioned rule of thumb,
which is just an outline of the real scenario, is a very
good approximation.

3. Methodology

After obtaining the tropopauses at each station, a selec-
tion procedure is applied to each variable in order
to discard potentially erroneous values. Wind direction
is excluded, nevertheless, because a priori any value
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Table II. Percentage of available soundings, indicated for the most complete launching hour at each station, along with
the percentage of available data for tropopause, 500 hPa and 100 hPa as obtained from the number of available soundings.

‘Tropopause’ encompasses single as well as multiple detected tropopauses.

Station Launching hour Time period Percentage of available data

Soundings Tropopause 500 hPa 100 hPa

61998 12Z 07 May 1973–31 December 2007 68.45 87.13 80.85 75.84
67083 00Z 25 January 1973–20 April 2007 66.21 47.34 78.63 69.16
67964 00Z 07 May 1974–27 April 1999 75.67 43.30 86.57 78.21
68442 12Z 03 January 1973–29 December 2007 70.08 64.48 92.81 86.48
68588 00Z 01 January 1973–31 December 2007 86.86 74.13 97.33 93.03
68994 00Z 16 January 1973–31 December 2007 84.61 83.40 97.40 90.64
83612 12Z 05 January 1973–31 December 2007 69.65 47.59 95.20 86.59
83650 12Z 02 January 1973–23 December 2007 49.20 63.15 88.78 76.98
83971 12Z 03 January 193–31 December 2007 86.91 79.93 96.89 89.21
85469 00Z 25 January 1973–31 December 2007 47.85 76.69 94.77 88.29
85934 12Z 22 July 1976–31 December 2007 86.24 81.54 96.67 85.81
87155 12Z 04 January 1973–31 December 2007 77.72 78.09 89.63 81.57
87860 12Z 02 January 1973–31 December 2007 73.61 87.96 93.23 83.26
88889 12Z 07 April 1988–31 December 2007 81.63 97.40 89.31 96.53
91592 00Z 01 January 1973–31 December 2007 92.59 83.73 96.19 91.53
91843 00Z 10 August 1974–31 December 1989 87.91 63.58 96.44 86.65
91958 00Z 02 January 1973–1 December 2007 89.81 75.63 95.77 79.89
93844 00Z 01 January 1973–29 September 2007 80.65 86.56 96.17 89.87
93986 00Z 01 January 1973–29 September 2007 74.31 90.60 94.81 89.64
93997 00Z 01 January 1973–05 December 2007 52.32 82.39 95.33 87.46
94294 00Z 01 January 1973–31 December 2007 90.94 79.73 95.96 94.58
94312 00Z 01 January 1973–31 December 2007 90.06 75.31 92.33 92.50
94332 00Z 15 December 1976–31 December 2007 89.39 82.66 97.34 95.14
94578 00Z 01 January 1973–31 December 2007 92.04 83.86 95.71 95.61
94975 00Z 01 January 1973–31 December 2007 90.18 93.25 96.72 94.92
94996 00Z 01 January 1973–31 December 2007 86.31 67.84 94.58 92.98
94998 00Z 01 January 1973–31 December 2007 89.17 91.47 95.62 91.85
95527 00Z 16 January 1973–31 December 2007 89.91 92.55 99.61 98.22

Bold face type indicates a minimum of 75% of available data. Please note that the time period spanned by the datasets is not the same at all the
stations.

ranging from 0 to 360 is allowed. The selection proce-
dure determines that if the departure, in absolute value,
of any variable from its monthly mean exceeds 2 units
of monthly standard deviation, then that tropopause is
discarded. If any wind variable is missing, the com-
panion variables are nevertheless kept. Given that wind
is one of the most frequently missing variables, this
criterion is to avoid discarding all the remaining vari-
ables at relevant levels, particularly the tropopause. Those
tropopauses whose associated variables simultaneously
satisfy the selection procedure are kept. The same holds
for 500 and 100 hPa. Table IV presents the percentage of
rejected data after the selection procedure was applied.
From the outcome of this selection procedure, Bulawayo
(Trindade, FADN) has the best records for tropopause
(500 hPa, 100 hPa), whilst FAME (NWWN, EGYP) has
the worst. The selection procedure is also helpful in esti-
mating the monthly variability at each level. For instance,
the aforementioned result stresses the fact that single
tropopause events over Bulawayo are the ones present-
ing the least variability amongst the single tropopause
datasets considered.

The mean annual cycle or ‘climatic year’ is built up
by calculating the mean height values for each of the
366 days. Table II provides the period spanned at each
station for this averaging process. If missing values occur,
they are estimated by linear interpolations. Only data that
comply with the selection procedure (cf. Tables II and
IV) for tropopause as well as for both mandatory levels
are included in this climatology. As an example, mean
height values throughout the climatic year over YMHB
are presented in Figure 2. The annual cycle shown is
an example of all stations considered because an annual
behaviour is always present to a greater or a lesser degree.
In order to extract as much deterministic behaviour
as possible, time series are Fourier analysed, thereafter
building anomalies as the departures from the combined
grand time mean and those harmonics explaining each
more than 10% of the total variance. This is done for
each time series at each station.

The EOF method is carried out using the S-mode
correlation matrix (see, e.g. Richman, 1986). The term
EOF is used here to describe each eigenvector extracted
from the correlation matrix, whilst the time-evolving
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Table III. Percentage of tropopause events as calculated from
the total number of available tropopause data (cf. Table II).

Station Percentage of tropopause events

Single Double Other

61998 81.38 16.69 1.93
67083 93.82 6.10 0.08
67964 94.55 5.45 0.00
68442 69.87 28.99 1.14
68588 66.95 31.77 1.26
68994 72.57 25.25 2.18
83612 89.52 10.34 0.14
83650 86.55 13.30 0.15
83971 64.73 33.37 1.90
85469 68.26 31.12 0.62
85934 65.00 25.85 9.15
87155 76.72 22.06 1.22
87860 54.37 32.27 13.35
88889 58.56 31.11 10.33
91592 93.66 6.30 0.04
91843 92.01 7.89 0.10
91958 78.76 20.93 0.30
93844 74.47 22.72 2.81
93986 78.16 20.01 1.83
93997 74.65 24.59 0.76
94294 94.00 5.85 0.15
94312 94.40 5.56 0.05
94332 93.83 6.13 0.04
94578 76.26 22.95 0.79
94975 64.25 29.09 6.66
94996 77.25 22.39 0.36
94998 83.02 14.54 2.44
95527 63.12 34.47 2.40

Bold face type indicates a minimum of 75% for single tropopause
events, a minimum of 25% for double tropopause events and a
minimum of 10% for tropopause events other than single and double.

coefficients associated with each EOF (cf. Kutzbach,
1970, 1967) are referred to as factor scores (FSs), or
simply scores. EOFs are mutually orthogonal in the
space domain in a similar fashion that the scores are
orthogonal with each other in time, playing the role of
‘time-weighted’ coefficients for each EOF.

The method allows the analysis of the simultane-
ous coupling between the tropopause, 500 and 100 hPa
time series. Nevertheless, the 500 hPa/100 hPa coupling
masks the other two as the tropopause possesses a con-
siderable variability. In order to avoid this, the coupling
between the tropopause and each mandatory level is stud-
ied separately. Matrix Z is built for each latitude so that it
has 366 columns. Likewise, the number of rows is twice
the number of upper-air stations per latitude. The upper
half of the rows includes the standardized tropopause
height departures throughout the climatic year, one row
per station. The standard deviation value at each row
equals 1. The same holds for the lower half of the rows,
but including 500 or 100 hPa data independently. Eigen-
vectors are extracted from the correlation matrix, namely
R = ZZT, with the aid of a foolproof method such as

Table IV. Percentage of rejected data after applying the selec-
tion procedure.

Station Percentage of rejected data

Single tropopause 500 hPa 100 hPa

61998 10.60 9.28 9.02
67083 7.64 4.84 6.27
67964 6.30 6.41 6.89
68442 8.40 8.14 6.07
68588 8.46 7.19 5.07
68994 14.00 9.84 8.15
83612 9.02 6.93 6.41
83650 7.83 4.27 6.59
83971 8.80 7.64 8.65
85469 10.33 7.45 8.13
85934 10.84 8.24 7.99
87155 8.42 5.48 6.60
87860 12.58 8.28 6.97
88889 10.58 9.53 11.46
91592 8.21 10.36 8.81
91843 8.37 8.47 9.11
91958 9.72 9.48 10.03
93844 11.36 10.00 7.48
93986 10.44 7.62 7.06
93997 9.26 7.62 6.75
94294 6.91 6.75 6.25
94312 8.01 7.63 7.58
94332 7.50 9.62 8.27
94578 10.37 8.78 7.90
94975 11.50 9.70 8.44
94996 10.20 7.39 6.64
94998 9.81 9.27 9.44
95527 9.66 10.35 10.16

Percentages are calculated from the total number of available data (cf.
Table II). Bold face type indicates less than 10% of rejected data.

the Jacobi transformations (e.g. Golub and VanLoan,
1989).

4. Results and discussion

Before proceeding, it is necessary to take into account
one important aspect of EOFs. According to North
et al.’s rule of thumb (North et al., 1982), the ‘effective
degeneracy’ is present when two eigenvalues are close to
each other. Following this, presenting all the extracted
EOFs is not necessary at all. In most of the cases,
it is sufficient to focus on the study of the leading
two or three modes. Additionally, following Quadrelli
et al. (2005), when North et al.’s rule of thumb holds
for any pair of eigenvalues, the corresponding EOFs
are reliable ones. Figure 3(a)) shows EOF1 and EOF2
for the coupling between standardized tropopause height
anomalies (STHAs) and standardized 500-hPa height
anomalies (S5HAs). This coupling is referred to as T5C
hereinafter. EOF1 (EOF2) accounts for ≈16% (≈10%)
of the total explained variance. It can be seen from
Figure 3(a)) that STHAs are in opposite phase with
the corresponding S5HAs for more than half of the
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Figure 2. Mean heights for the ‘climatic year’ at YMHB: (a) single tropopause; (b) 500 hPa (black) and 100 hPa (grey).

stations. Furthermore, there is an important feature for
those stations located within or in the vicinities of the
TWPWP. Defining T5T as STHA-S5HA, i.e. some kind
of thickness, it can be seen that the values reached by T5T
at these stations are prominent. A plausible explanation
for this is presented below. On the other hand, EOF2
shows that STHA and S5HA are in phase for most of the
stations.

The coupling between STHAs and the standard-
ized 100-hPa height anomalies (S1HAs) are referred to
as T1C. EOF1 and EOF2 for T1C are presented in
Figure 3(b)). They account for ≈14% and ≈9% of the
total explained variance, respectively. EOF1 reveals that
the absolute value of STHA–S1HA (T1T) is smaller
than T5T for most of the stations, as it should, because
100 hPa has been widely used as a proxy for the
tropopause by many authors (Mote et al., 1996; Newell
and Gould-Stewart, 1981). Therefore, the long-term posi-
tion of the single tropopause for those stations lying
throughout 20 °S is broadly located at 100 hPa and, at
least with respect to height, the aforementioned stations
can be considered as tropical ones. With regard to EOF2,
STHA and S1HA are in opposite phase for some stations
located in the vicinity of TWPWP, resembling somewhat
the T5C EOF1 behaviour. On the contrary, anomalies are
in phase for the stations located west of the Greenwich
Meridian.

In view of the proximity of the tropical tropopause
to 100 hPa, calculations for this latitude were also
carried out for 70 and 50 hPa in order to avoid the
potential overlapping of both surfaces as well as to

ensure the coupling of the tropopause with a level
located well in the stratosphere. EOF1 and EOF2 for
the coupling between STHAs and standardized 70- and
50-hPa height anomalies are presented in Figure 3(c) and
(d)), respectively. Results concerning EOF1 are not much
different than those for T1C. By contrast, a clearer pattern
is obtained for EOF2. These results are in agreement with
the studies suggesting that the tropopause height is well
correlated with the temperature in the lower stratosphere
(e.g. Seidel and Randel, 2006).

With regard to the TWPWP region, an interesting
result is that, for EOF1, standardized anomalies are out
of phase for T5C but in phase for T1C, suggesting
that there is a regional process taking place between
500 hPa and the tropopause but not extending into the
stratosphere. For a better understanding of this pro-
cess, it is necessary to analyse the time evolution of
each EOF as given by Z = EC(t). In other words,
each EOF is fixed and the time evolution is given by
the scores. Scores time series for EOF1 and EOF2 at
20 °S are presented in Figure 4. A Fourier analysis for
the T5C FS1 (FS2) time series shown in Figure 4(a))
reveals that the leading harmonic is the second – semi-
annual – (third – terannual – ), accounting for ≈56%
(≈26%) of the total explained variance. The matter is
somewhat different regarding T1C (Figure 4(b)) because
there are no leading harmonics for FS1. Instead, most
of the explained variance is distributed among the first
ten harmonics. With regard to FS2, the leading harmonic
is the second one and accounts for ≈32% of the total
explained variance. With regard to tropopause/70 hPa
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Figure 3. Normal modes for the coupling at 20 °S between standardized tropopause height anomalies and standardized height anomalies for
(a) 500 hPa; (b) 100 hPa; (c) 70 hPa; (d) 50 hPa. EOF1 (EOF2) is presented in the left (right) panel. Circles (squares) represent the tropopause

(mandatory level).

coupling, the leading harmonics for FS1 are the sec-
ond and the third ones, accounting for ≈18% and ≈15%
of the total explained variance, respectively, while for
FS2 the leading harmonic is the third one, accounting
for ≈27% of the total explained variance. With respect
to tropopause/50 hPa coupling, the second and third har-
monics are the leading ones for FS1 (≈20% and ≈12%,
respectively), whilst the second harmonic is the most
important (≈20%) for FS2. Explained variances aside,
it is evident from a comparison of Figure 4(c) and (d))

that the time evolution of FS1 for 70 and 50 hPa is very
similar, and that the same holds for FS2. These results
highlight the fact that 70 hPa is a good alternative to
avoid the 100-hPa issues previously raised.

Despite the presence of a leading semi-annual har-
monic in T5C FS1 (cf. Figure 4(a)), which in principle
denotes a reversion in the associated EOF1 structure
twice a year, FS1 values are strictly negative only within
summer. The situation is somewhat different during win-
ter because FS1 values are strictly negative early in this
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season only; by contrast, in late winter, FS1 values oscil-
late from positive to negative, i.e. the so-called ‘flip-flop’
behaviour arises. By definition, an EOF pattern is said to
be in direct (indirect) mode anytime its associated evolu-
tion coefficient is positive (negative). Flip-flop behaviour
is therefore a somewhat sudden transition from one mode
to its opposite counterpart. EOF1 structure is in corre-
spondence with a direct mode during fall and spring. With
regard to T5C FS2, the associated EOF2 pattern has a
well-defined behaviour only within early summer (direct
mode) and late summer (indirect); flip-flop behaviour
takes place throughout the rest of the year. Both asso-
ciated spatial structures are flip-flop behaved all year
long in regard to T1C (cf. Figure 4(b)), although sign-like
periods are more distinguishable for FS2. Notwithstand-
ing, the orthogonal constraint must hold regardless the
behaviour of each score.

A noteworthy feature of T5C FS1 is that it reaches
negative values all summer long, which seemingly can
be related to heating sources as follows. Yanai and
Tomita (1998) present the seasonal variability of the heat
source between 50 °N and 50 °S. Particularly interesting
is their Figure 1, despite the fact that the heat source is
vertically integrated throughout the troposphere. Within
the TWPWP, they found that the heat source peaks
during SH summer and winter, maximum values taking
place south (north) of the Equator for the former (latter)
season. On the other hand, owing to the time evolution
of FS1 (cf. Figure 4(a)), T5T is positive during summer,
in coincidence with the maximum stage of the heating
in the troposphere, and during winter, although certain
flip-flop behaviour is embedded in the time series for
this latter case. It can be argued at this point that the

use of vertically integrated heat sources is somewhat
inappropriate because they include the total column of
air. Figure D28 (ERAD28 henceforth) from the ERA-
40 Atlas (Kållberg et al., 2005, ERA-40 henceforth)
provides a zonally averaged picture of diabatic heating,
showing that over 20 °S the core of heating is located
just in the vicinity of 500 hPa only for the SH summer.
In fact, this is the only season in which there is a
net heating for the whole middle troposphere at the
aforementioned latitude. Therefore, EOF1 winter flip-flop
behaviour as well as the reversed structure during fall and
spring seemingly responds to a net cooling of the middle
atmosphere, suggesting that T5C EOF1 at 20 °S might
be driven by diabatic heating processes in the middle
troposphere.

Moving into 30 °S, the first two EOFs for T5C as well
as for T1C are shown in Figure 5. Likewise, the scores
time series for these structures are shown in Figure 6.
The explained variances are ≈17% and ≈13% for T5C.
EOF1 shows that STHAs and S5HAs are in phase at all
the stations. EOF2 somewhat resembles the T5C EOF1
structure for 20 °S in the sense that those stations located
closer to the date line present extreme T5T values. A
Fourier analysis of FS1 and FS2 time series reveals that
the leading harmonic is the second one in both cases,
accounting for ≈63% and ≈53% of the total explained
variance, respectively. The semi-annual wave is clearly
dominant in these time series. Related to this, the EOF1
structure is in direct mode in early and mid-fall, mid-
winter and mid-spring; whereas indirect mode prevails in
late fall/early winter, and late spring/early summer. On
the other hand, the EOF2 structure is in direct (indirect)
mode in late fall and mid-spring (winter), whereas

Figure 5. Normal modes for the coupling at 30 °S between standardized tropopause height anomalies and standardized height anomalies for
(a) 500 hPa; (b) 100 hPa. EOF1 (EOF2) is presented in the left (right) panel. Circles (squares) represent the tropopause (mandatory level).
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Figure 7. As in Figure 5 but for 45 °S.

summer is flip-flop behaved. An attempt to explain these
results using ERAD28 is unsuccessful because the zonal
mean heating over 30 °S presents no significant cycles
between the tropopause and 500 hPa. Therefore, it cannot
be concluded whether EOF1 or EOF2 time evolution
is attributable to diabatic heating cycles. Nevertheless,
recall that ERAD28 arises as a zonal average, and that
the time evolution of the structures shown here is possibly
affected by regional effects. Figure 5(b)) shows the first
two EOF structures for T1C. Their explained variances
are ≈24% and ≈11%. STHAs and S1HAs are quite in
phase at almost all the stations for EOF1. Aside from
the African stations, the same holds for EOF2. The
presence of a semi-annual cycle in FS1 (cf. Figure 6(b))
is outstanding, which is also revealed by a striking 83%
of explained variance after Fourier analysing this time
series. On the other hand, the third harmonic (terannual
wave) is the leading one for FS2, accounting for almost
32% of the total explained variance. Following this, the
EOF1 structure reverses twice a year, being in direct
(indirect) mode in summer and winter (fall and spring),
and the flip-flop behaviour is present only for season-
to-season transitions. With regard to EOF2, the flip-flop
behaviour is present all year long except for mid-fall.
Quadrelli et al.’s and North et al.’s rules of thumb are
applicable for the two EOF sets corresponding to this
latitude.

With regard to 45 °S, Figure 7 comprises the first two
EOFs for T5C as well as for T1C, and the associated
scores for these structures are presented in Figure 8.
With regard to the spatial patterns, explained variances
for T5C are ≈20% and ≈13%. EOF1 structure is not
much different than the one for 30 °S (cf. Figure 5(a)
because anomalies are all positive. With regard to EOF2,

anomalies are also present in phase, although the sign
reverses within the central domain, i.e. for those stations
located in the vicinities of the southern tips of South
America and Africa. The leading cycle in FS1 (cf.
Figure 8(a)) is semi-annual, accounting for almost 51%
of the total explained variance, implying a reversal of
the EOF1 structure twice a year. Roughly speaking, it
is in direct (indirect) mode in late summer/early fall and
late winter/early spring (early winter and late spring/early
summer). With regard to FS2, there is practically no
leading harmonic at all because the 19th is the leading
one, accounting for less than 10% of the total explained
variance. Spatial explained variances are ≈27% and
11% for T1C (Figure 7(b)). The EOF1 pattern resembles
that of the T5C counterpart as anomalies at all stations
are positive. Anomalies are in opposite phase mainly
close to the date line for EOF2. After Fourier analysing
the FS1 time series (cf. Figure 8(b)), ≈67% of the
explained variance is retained by the semi-annual wave,
implying that the EOF1 structure reverses twice a year,
being in direct (indirect) mode in early fall and late
spring (early summer and late fall/early winter). With
regard to FS2, the leading harmonic is also the second
one, accounting for almost 30% of the total explained
variance. Nonetheless, the flip-flop behaviour is present
almost all year long, perhaps with an exception in mid-
winter when the structure holds in direct mode for a
short period. At 45 °S, significant cycles in diabatic
heating are present, albeit below 600 hPa (cf. ERAD28).
Therefore, an attempt to use ERAD28 to explain the
foregoing results for 45 °S would be unsuccessful again.
Finally, Quadrelli et al.’s and North et al’s rules of
thumb can be applied to the EOF sets presented for this
latitude.
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5. Summary

In spite of the fact that the radiosonde dataset at
some stations used in this research did not cover the
entire period of analysis well (Table II), the amount of
available information is good enough to ensure statistical
robustness alongside a well-set climatology. The normal
modes of oscillation for the coupling between tropopause
height anomalies and 500- or 100-hPa height anomalies
within the ‘climatic year’ for three different latitudes,
namely 20 °S, 30 °S and 45 °S, have been presented, along
with their time evolution. The EOF method provides
a convenient way to expand gridded time series as a
linear combination of the normal modes, i.e. the EOFs,
with time-varying coefficients, i.e. the scores, through
the relation Z = EC(t). Usually, the combination of
the first two or three EOFs is quite enough to get
the most important cycles. Quite often, in geophysical
systems, higher-order EOFs are not considered because
they account for a little percentage of the total explained
variance.

The leading normal modes for the coupling between
standardized tropopause height anomalies and standard-
ized mandatory height anomalies as well as their time
evolution have been presented for each latitude belt sep-
arately. It is important, however, to gain knowledge on
the coupling between latitudes. It has been shown that
the large-scale features of the leading normal mode for
T5C at 20 °S and the large-scale features of the vertically
integrated heat source within the TWPWP behave jointly.
Also, it is widely known that tropical convection, espe-
cially over the TWPWP, acts as a major heat source for
general circulation (e.g. Jin and Hoskins, 1995). Such is
the importance of this phenomenon that the term South-
ern Oscillation (SO) (e.g. van Loon and Madden, 1981)
has been coined for the inter-annual fluctuations of sev-
eral variables in the atmosphere as well as in the tropical
Pacific Ocean. Likewise, SO extreme phases lead to El

Niño or La Niña, although El Niño/Southern Oscilla-
tion (ENSO) is the name used in the literature for the
interactions between the tropical Pacific Ocean and the
atmosphere, disregarding the phase the system is in. Per-
haps, ENSO has become the most studied topic in the
last decades because it is a major source of variability
for the world climate. Notwithstanding, we will not go
further into these subject because it is beyond the scope of
the present work. Besides, the climatology presented here
is not affected by the different phases of ENSO because
warm, cold and neutral conditions are equally included in
the 35 years spanned by the datasets. Please refer to Wang
(2002); McPhaden et al. (1998) and references therein,
and Neelin et al. (1998) and references therein for details
on this subject. Undoubtedly, the world climate is driven
by the seasonality of the tropical convection, and the pur-
pose from now on is to assess whether these known facts
echo in the coupling between the tropopause and the two
mandatory levels analysed in this research for latitudes
beyond 20 °S under the light of the results presented in
the previous section. To do so, the scores are correlated
to each other in order to get significant couplings. It
is well known that the statistic t = r

√
n − 2/

√
1 − r2

follows a Student distribution with n − 2 degrees of free-
dom, n being the sample size and r being the Pearson
correlation coefficient. Table V shows the Pearson corre-
lation coefficients between the scores. Only those scores
that have significant leading cycles are discussed. Fur-
thermore, only those correlation values marked with an
asterisk in Table V are considered. Before analysing the
results shown in Table V, it is worth noting that the Pear-
son coefficient is not robust because strong, but nonlinear,
relationships between the pair of variables correlated may
not be recognized (see, e.g. Wilks, 2006). Following this,
Table V reflects strictly linear relationships. Having noted
this important warning, it is surprising that at a glance
all correlations to be discussed are positive, indicating

Table V. Correlation matrix for the first two scores (FSs).

20 30 SS 45 S

T5C T1C T5C T1C T5C T1C

FS1 FS2 FS2 FS1 FS2 FS1 FS2 FS1 FS2 FS1 FS2

20 S FS1 .

FS1

0 27 0.53∗ 0.49 0.45 0.12 0.25 0.22 0.09 0.44 −0.31
FS2 −0.67∗ 0.11 0.05 −0.26 0.12 0.13 −0.16 −0.16 −0.28 0.10

T1C

T5C

FS1 0.09 0.26 −0.13 0.27 0.11 0.10 0.22 −0.09
FS2 0.48 0.12 0.38 0.24 0.30 −0.11 0.36 −0.10

30 S T5C FS1 0.78∗ 0.14 0.58∗ −0.06 0.61∗ 0.08

FS2 −0.42 0.08 0.09 0.22 0.34 −0.40
T1C FS1 0.56∗ −0.16 0.46 0.33

FS2 −0.03 −0.16 −0.05 −0.17

45

° ° °

°

°

°S T5C FS1 0.84∗ 0.33
FS2 0.04 0.24

T1C FS1
FS2

Bold face correlation values indicate significance (confidence level set to 95%). Highlighted scores indicate a significant leading cycle (see text).
An asterisk indicates values greater than a half, i.e. that the correlation holds for at least 25% of the time, or three months a year, not necessarily
consecutive. Redundant information is hidden.
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that the correlated pair of variables is climatologically
in phase. Moreover, the leading harmonic for all con-
sidered time series corresponds to a semi-annual wave.
Firstly, same latitude band correlations are discussed. Sig-
nificant correlation within 20 °S occurs between T5C FS1
and T1C FS2. Seeing that T5C FS1 is supposedly driven
by the condensational heating seasonality, the influence
this physical process has upon the T1C FS2 variability
accounts for at least 28% (this arises from the square of
the correlation coefficient). This relationship is evident
from ERA-40s’ Figure D32 (ERAD32 henceforth) as it
shows that diabatic heating sinks in the middle atmo-
sphere are well correlated with diabatic heating sources
in UTLS, except during SH summer. The partial corre-
lation for SH summer is not shown here; nevertheless,
it can be guessed as being broadly negative to comply
with the aforementioned results. Within 30 °S, T5C FS1
and T1C FS1 are strongly correlated, indicating that the
percentage of deterministic linear relationship between
them is 61%. Finally, within 45 °S, T5C FS1 is strik-
ingly 71% linearly related with T1C FS1. Comparing the
(linear) deterministic relationship between T5C FS1 and
T1C FS1 for the two latter latitudes, it is worth noting
that it increases southwards.

So far, higher correlation values have been discussed
only for same latitude bands. Notwithstanding, the (lin-
ear) deterministic relationship between 30 °S T5C FS1
and 45 °S T5C FS1 (T1C FS1) is close to 34% (37%). In
plain words, at least the third part of the coupling between
these two latitudes for the aforementioned variables is
deterministic. It is well known that many of the pro-
cesses in the atmosphere are non-linear (see, e.g. Elsner
and Tsonis, 1992; Tsonis and Elsner, 1989), a fact that is
reflected in the low- and non-significant correlation coef-
ficients in Table V. These non-linear relationships are yet
to be investigated. Likewise, it is important to emphasize
that the efforts in trying to explain the foregoing results
for the time evolution of the tropopause/mandatory levels
coupling as obtained by the EOF analysis as well as the
significant linear relationships portrayed in Table V are
not explored in the present paper. That the semi-annual
wave is embedded in the time series concerned with the
discussion of the aforementioned significant correlations
is not only a consequence of having subtracted the annual
wave from these time series but is also due to the widely
known semi-annual oscillation (SAO) signal present in
the tropical (van Loon and Jenne, 1969) and extra-tropical
(Meehl, 1991) troposphere as well as in upper layers of
the atmosphere (e.g. Hamilton, 1986; Kochanski, 1972).
An interesting feature tied to the tropical stratospheric
SAO is that vertical propagation of planetary waves is
inhibited when easterly or very intense westerly winds
are present, while the converse of this criterion estab-
lishes that vertical propagation is enabled when moderate-
to-weak westerlies prevail (Charney and Drazin, 1961).
The vertical propagation condition can be generalized to
any latitude, therefore vertical waves are trapped unless
moderate-to-weak easterly winds are present. Naturally,

the weaker the easterly winds, the lesser is the vertical
penetration of the upward propagating wave also.

Van Loon and Jenne (1969) present the evolution of
zonal geostrophic wind throughout the year for several
latitudes in the SH. A SAO signal is embedded in most
of these time series and, most importantly, most of the
time series at latitudes considered in the above-mentioned
paper are quite in phase with the ones corresponding to
the scores considered here. Following this, the vertical
propagation of planetary waves can be invoked in an
attempt to explain the significant correlations portrayed
in Table V. ERA-40’s Figure D29 presents the world-
wide vertical field of zonally averaged geostrophic wind
from 1 to 1000 hPa. According to this figure, vertical
propagation is enabled (disabled) throughout the tropo-
sphere (stratosphere) all year long at 20 °S, although it
borders no vertical propagation at all during summer.
Except for winter, vertical propagation at 30 °S is enabled
in the troposphere. By contrast, during winter, a jet-like
locus is present in the vicinities of 200 hPa, and verti-
cal propagation is therefore impossible. With regard to
the stratosphere at this latitude, vertical propagation is
only possible during winter. With regard to 45 °S, ver-
tical propagation is enabled in the troposphere all year
long, whereas in the stratosphere it is prevented during
the solstices.

As mentioned, the troposphere-stratosphere system in
20 °S borders no vertical propagation conditions during
summer, and recalling that this implies an evanescent
wave the situation depicted by T5C EOF1 during this sea-
son may be regarded as a trapped wave that contributes
to diabatic heating through dissipation, therefore making
T5T values positive. Under these assumptions, T5C FS1
is well correlated to T1C FS2 as seen from the prevail-
ing anti-correlation relationships between tropospheric
and stratospheric heating rates (cf. ERAD32). Except for
winter, vertical propagation is possible throughout the
30 °S troposphere and UTLS, and the propagating wave
raises the tropopause as well as both mandatory level sur-
faces. Anomalies of like sign are thus well depicted for
the equinoxes, although this is no longer an acceptable
explanation during early summer, when for T5C as well
as T1C EOF1 is in indirect mode (negative anomalies)
though vertical propagation is still allowed. On the other
hand, when vertical propagation is suppressed the signal
of diabatic heating -owing to the presence of a trapped
wave- appears in EOF2, highlighting the fact that this is
a second order effect at this latitude. The model fits rea-
sonably well at 45 °S, as vertical propagation is enabled
in the stratosphere only during the equinoxes. Unlike the
situation depicted for 30 °S, the effects of diabatic heat-
ing due to trapped waves are absent in EOF2, presumably
appearing in higher order EOFs not considered here. The
linkages between 30 °S and 45 °S can be interpreted the
same way as outlined above. It should be noted that these
conclusions were drawn based solely on zonally-averaged
geostrophic winds, thus disregarding local and regional
processes, which also seem to play an important role (e.g.
Canziani and Legnani, 2003).
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