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Abstract

Recent research on climatologies for temperature structure and tropopause parameters in the tropics, based on
radiosonde, satellites data and model reanalysis show good agreement between radiosonde (RS) and data derived
from remote sounding, such as GPS Radio Occultation (GPS RO), and reanalysis. The agreement is remarkably
good over and immediately near the tropics. However, in the southern extra tropical region, especially at medium
and high latitudes, there are often considerable differences in the temperature profiles as latitudes increases, which
depends on the variability of location and evolution of the tropopause. The purpose of this work is to compare
the behaviour of temperature profiles derived from GPS RO, daily and monthly ERA 40 reanalysis means and
nearby radiosonde measurements in the southern extra tropical region. Argentina serves as an example of latitudes
between 30°- 60°S. The data covers 2001-2002 and analyses parameters such as temperature, pressure, and height
derived rom radiosonde and satellite data in order to detect single and multiple tropopause events. The results
show that in most cases are GPS RO more closely related to RS measurements than to reanalysis profiles, both for
daily values, monthly means and their standard deviations. However, GPS RO deviations increase with respect to
RS for heights above the tropopause, i.e., in the stratosphere, and decrease into the troposphere. Radiosonde and
GPS appear to be in good agreement for tropopause temperatures and heights estimates when a single tropopause
(LRT1) is considered, but with decreasing agreement as latitudes increase. Furthermore, while single and double
tropopause events can be detected in RS observations this is less common for the GPS RO retrievals.

Key words: Remote sensing, GPS, tropopause.
Resumen

Investigaciones recientes sobre climatologia de la estructura térmica y pardmetros de tropopausa en los tropicos,
basadas en radiosondas, datos de satélite y productos de reandlisis, muestran una buena concordancia entre los
radiosondeos (RS) y los datos derivados de ocultaciones, como las radio ocultaciones del GPS (GPS RO), y los
reandlisis. Sin embargo, en la region meridional extratropical, especialmente en latitudes medias y altas, a menudo
hay considerables diferencias en los perfiles de temperatura al ir aumentando la latitud, dependiendo de la varia-
bilidad de la altura y evolucion de la tropopausa. El propdsito del presente trabajo es mostrar el comportamiento
de los perfiles de temperatura obtenidos de las ocultaciones GPS y los perfiles diarios y mensuales de reandlisis
derivados del ERA 40 comparados con los valores de radiosondeo para eventos detectados en Argentina, como
ejemplo de latitudes entre 30° y 60° sur, durante el periodo 2001-2002. Por otro lado, el estudio analiza también
pardmetros como la temperatura, alturay presion de los niveles significativos de radiosondeo y de las ocultaciones
con el fin de analizar la existencia de eventos con simple y miiltiple tropopausa. Los resultados obtenidos de la
comparacion entre las diferentes bases de datos muestran que en la mayoria de los casos las ocultaciones proveen
perfiles de temperatura semejantes a aquellos graficados a partir de datos de radiosondeo, en contraposicion a los
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obtenidos a partir de los productos de reandlisis, tanto diarios como mensuales. No obstante es posible observar
que las diferencias entre las RO y los RS son mds notorias para alturas superiores a los niveles de tropopausa,
mientras que decrecen en la troposfera. Relacionado con los eventos de miiltiple tropopausa, el andlisis realiza-
do muestra que los valores de temperatura y altura de la tropopausa de las RS y las RO son semejantes cuando
solo es considerada la LRTI, con diferencias crecientes a medida que las estaciones analizadas estdn ubicadas
en latitudes mds altas. A pesar de esta concordancia para la LRT1I, los resultados muestran que solo los datos
procedentes de radiosondeos son capaces de detectar eventos con LRT2 y LRT3.

Palabras clave: Telemetria, GPS, tropopausa.

1. Introduction

Detecting and monitoring the variability and change in global climate, is one of the most important sci-
entific and technical challenges for the next years, due to the strong evidence that the Earth’s climate is
changing, as a result of human activities. Understanding global warming and climate variability are top-
ics that concern not only meteorology and climatology studies, but also the advancement of atmospheric
chemistry and physics. It is fundamental to establish reliable and stable long-term records of key climate
variables such as atmospheric temperature and humidity as well as to understand related physical and
chemical processes. The global temperature structure has been studied with different techniques, such
as balloons, satellite derived data, different kinds of LIDAR observations and products from various re-
analysis models (Reid and Gage, 1984 and 1985; Reichler et al., 1996; Steinbrecht et al., 1998; Hoinka,
1998; Seidel et al., 2001; Randel et al., 2000; Lakkis ef al., 2008), which provide a large array of mea-
surements. These data sets are also associated with various limitations or even errors that derives from,
e.g. differing vertical and horizontal resolutions, model and assimilation capabilities as well as instru-
ments quality, operational characteristics, inversion algorithms and, in the case of satellite instruments,
orbit changes.

Obtaining reliable vertical profiles of atmospheric variables in general and information on their global
behaviour in particular of temperature, is one of the most important steps to improve our understanding
of troposphere and stratosphere dynamics and climatology, and processes such as coupled stratosphere-
troposphere dynamics/climate (Baldwin et al., 2007) and troposphere-stratosphere exchange (STE) of
trace species including greenhouses gases. Since the World Meteorological Organization assessment
in 1990 (WMO, 1990), there has been a growing impetus for observational and model investigations
of the temperature trends. This has occurred owing to increases in greenhouse gases and the now well
documented global and seasonal losses of stratospheric ozone, both of which are estimated to have impact
on the climate (Langematz, 2000; Rex et al., 2004; IPCC, 2005). Temperature changes also affect
the microphysical-chemical processes in the lower stratosphere and upper troposphere (UT/LS region)
(WMO, 1999).

On the other hand, the tropopause is recognized as a key feature of the atmospheric structure at all
latitudes; i.e., polar, mid latitudes and tropics, and an overall understanding both of the UT/LS and of
STE is dependent on our ability to quantify and describe tropopause structures and their evolution over
time (Holton et al., 1995; Shepherd, 2002; Stohl et al., 2003; Seidel and Randel, 2006).

The tropopause layer (Pan et al., 2004; Bischoff et al., 2007) in simple terms determines the boundary
between the troposphere and stratosphere, which has fundamentally different characteristics with respect
to chemical composition and static stability. The tropopause can be thus viewed as the transition zone
between the turbulently mixed troposphere and the more stable stratified stratosphere (Hoinka, 1998),
affecting both the dynamics and the chemistry. In this scenario the tropopause plays an exceptional role
(Shepherd, 2002; Garrett et al., 2005).

Various studies have attempted to elucidate the key factors that determine the latitudinal-altitude distri-
bution of the tropopause (e.g. Held, 1982; Thuburn and Craig, 1997 and 2000; Haynes et al., 2001).
Initial studies were based on radiosonde (Labitzke and van Loon, 1999). More recently, data derived



REVISTA DE CLIMATOLOGIA, VOL. 9 (2009) 3

from satellite and analyses from numerical weather prediction centres and reanalysis products (Hoinka,
1998; Randel et al., 2000) have provided insights on the behaviour of the tropopause. Although some of
these studies are based on linear interpolation of the atmospheric variables they reveal that the tropopause
responds to different influences, such as angular momentum, volcanic eruption and solar radiation (Reid
and Gage, 1981; Robock, 2000; Shindell et al., 2001). These studies show a variability of the tropopause
height over the last decades, either at individual radiosonde stations, stations networks in the tropics or
in tropical averages from reanalysis products (Randel et al., 2000; Steinbrecht et al., 1998). Tropopause
altitude behaviour is thus an excellent parameter for detection the climate variability. Global tropopause
pressure changes in the ECMWF 15-years reanalysis (1979-1993) have been estimated to vary between
+0.1 and 1.13 hPa/decade (Hoinka, 1998 and 1999; Santer et al., 2003), while both ECMWF 40-year
reanalysis and NCEP/NCAR reanalysis show larger trends of about 2 hPa/decade in 1979-2001 (Santer
et al., 2003 and 2004) in the zonal means values. These reported tropopause trends in reanalyses are
remarkable given that typical vertical reanalysis resolution publicly available is about 50 hPa near the
tropopause, and that the tropopause is calculated by interpolation of lapse rates between model or reanal-
ysis levels (Seidel and Randel, 2006). Therefore direct monitoring and understanding of the temperature
structure and the behaviour of the tropopause layer interaction with the upper troposphere and lower
stratosphere remain important goals for atmospheric and climate change studies (Baldwin et al., 2007).

The WMO definition of the tropopause is based on lapse ratio criteria. This definition is referred to as
the thermal tropopause, being the definition used in the operational radiosonde profiles retrievals. The
tropopause can further be defined by more general stability criteria, represented by potential vorticity
(PV) (Hoerling et al., 1991). In terms of the lapse rate tropopause, the interface between the tropics
and extratropics at a particular longitude is often characterized by a break in the tropopause, rather
than a continuous transition. It should be noted that the tropopause can occur as a multiple or layered
tropopause (Bjerknes and Palmén, 1937). Multiple tropopause are referred by WMO (1999) as: “A
frequent atmospheric condition in which the tropopause appears not as a continuous single surface of
discontinuity between the troposphere and stratosphere, but as a series of quasi horizontal “leaves” which
are partly overlapping in a step-like vertical distribution”.

Many recent studies have sought to analyse and characterize multiple tropopause in the tropics, i.e., the
Tropical Tropopause Layer (TTL) (e.g., Seidel et al., 2001) but less so in Polar Regions (e.g., Zingl and
Hoinka, 2001). Even fewer studies have been carried out for the mid-latitude regions in particular over
the Southern Hemisphere (e.g., Bischoff et al., 2007).

Over the extratropical regions, soundings can reveal the presence of multiple tropopause events. Seidel
and Randel (2006) as well as Bischoff et al., (2007) noted that historical radiosonde show the presence
of multiple tropopause events and their trends. Multiple tropopause situations have been studied since
the advent of upper air soundings (Bjerknes and Palmén, 1937; Kochanski, 1955). However, few stud-
ies of the extratropical regions have analysed in detail the characteristics and dynamical and chemical
transitions between the troposphere and stratosphere.

The present work analyzes the temperature profiles for radiosonde stations in Argentina as an example of
Southern mid latitudes between 30°S - 60°S, using data from radiosonde (RS), retrievals from the Global
Positioning System radio occultation (GPS RO), data from similar sensors on board CHAMP (Challeng-
ing Minisatellite Payload) and SAC-C (Satélite de Aplicaciones Cientificas) satellites, and data derived
from ERA40 reanalysis. In order to compare the different datasets, the RS retrievals were considered
observational reference. In addition, the study analyzes the presence of single and multiple tropopause
events according to the lapse rate tropopause (LRT) definition for GPS remote sounding data and signif-
icant levels derived from radiosonde profiles.

This paper is organized as follows. In section 2, we describe the datasets and the methodology. In sec-
tion 3 we examine the accuracy of the intercomparisons for the selected stations, and show the multiple
tropopause events detected by the RS and RO retrievals. Finally, the work is summarized in section 4.
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2. Data and methodology
2.1. Data

Operational radiosonde, satellite retrievals from CHAMP and SAC-C and reanalyses data products from
ERA 40 are chosen for this study.

2.1.1. Radiosondes

For more than fifty years, radiosondes have been the core of operational and observational datasets.
However there are many problems when such datasets are to be used for variability and trend studies. It is
very common in atmospheric studies that incomplete datasets have to be used, either because the original
complete datasets are no longer available or because there are gaps in the operation of the instruments.
In such cases, can potential results be affected by assumptions about the extent to which an incomplete
dataset is representative of the full unavailable sample nd various working hypotheses must thus be
applied during the analysis. Although the sonde data do not cover the entire globe, there have been several
well-documented efforts using varied techniques to obtain temperature data over the global domain. The
RS measurements used here are obtained from the database at the Department of Atmospheric Sciences,
College of Engineering, University of Wyoming (http://weather.uwyo.edu). A set of 4 stations over
Argentina at latitudes between 30°- 60°S (only two are shown), was selected for this study. The criteria
include the length and completeness of the archived data records and coincidence with GPS remote
soundings events during 2001-2002, in order to more closely compare the different techniques. The
chosen stations are Cérdoba (SACO), Ezeiza (SAEZ), Santa Rosa (SAZR) and Mount Pleasant (EGYP).
Stations will hereafter be referred to using the International Air Transport Association code, e.g., SAEZ,
and so forth (table 1). Depending on the sensor and balloon used at each location, the vertical resolution
of RS data typically have 40 levels between 1000 and 50 hPa or 0.5 km resolution.

2.1.2. GPS data

The availability of GPS radio signals during the last decade has introduced a promising remote sensing
technique for the Earth’s atmosphere due to its global coverage, high vertical resolution, self-calibration
and ability to operate under all weather conditions. Signals from GPS satellite constellations are received
by sensors onboard Low Earth Orbiting (LEO) satellites for atmospheric limb sounding. Signals from
GPS measurements are influenced by the atmospheric refractivity field resulting in a time delay and
bending of the signal, assuming the validity of geometric optics and local spherical symmetry. The
atmospheric shift phase is the observable variable, which is measured with high accuracy and varies
from about 0.5 km in the lower troposphere to about 1 km in the lower stratosphere (Kursinski et al.,
1994, 1995 and 2001; Kursinski, 1997).

In this study approximately 40 soundings from SAC-C and CHAMP satellites for 2001-2002, provided
by Jet Propulsion Laboratory (JPL), are analyzed.

While a complete statistical analysis cannot be carried out due to the restricted number of GPS RO
profiles it is still possible to achieve a reasonable comparison of tropopause events in RS and GPS
RO profiles. For this purpose, given the WMO definition of tropopause, only significant levels from
radiosonde profiles were considered for its determination. By contrast data collected by sensors onboard
CHAMP and SAC-C contain many different variable levels due the nature of the technique and their
global coverage during the day. We consider here that both methods can be analytically compared if GPS
retrievals, since they show a unique and instantaneous retrieval for each station, are taken as significant
levels.

2.1.3. ERA 40 reanalysis

Detailed descriptions of model processing and data products provided by The European Centre for
Medium Range Weather Forecast (ECMWF) can be found at (http://www.ecmwf.int). For the present
work the publicly available model has 16 pressure levels on a 2.5° x 2.5° grid.
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Table 1: Names, IATA and WMO codes, and coordinates of
the stations used in the study.

Name IATA WMO Lat. Lon.

Coérdoba SACO 87344 -31.32 -64.22
Ezeiza SAEZ 87576 -34.82 -58.53
Santa Rosa SAZR 87623 -36.57 -64.27
Mount Pleasant EGYP 88889 -51.82 -58.45

=

Figure 1: Radiosonde stations located in Argentina. (Source:
Department of Atmospheric Science, College of Engineering,
University of Wyoming).

2.2. Methodology

All reported levels, both the standard and significant levels in radiosonde observations made within
three hours from 00Z to 127, were used to compare with the GPS RO and ERA 40 in order to study
temperature behaviour over these stations. Data from RS were computed in order to obtain two subsets
from the original data set, corresponding to significant and standard levels respectively, so as to determine
the location of the lapse rate tropopause (LRT1) for each data set and, if present, the second (or third)
tropopause (LRT2, LRT3), using the World Meteorological Organization definitions. Single and double
(multiple) tropopause determinations were carried out using the following criteria:

1: The first tropopause (LRT1) is defined as the lowest level at which the temperature lapse-rate is less
than to 2 K/km and the lapse-rate average between this level and the next 2 km does not exceed 2 K/km.

2: If above the first tropopause (LRT1) the average lapse rate between any level and all higher levels
within 1 km exceeds 3 K/km, then a second tropopause is defined by the same criteria as under the first
criterium. This tropopause may be either within or above the 1 km layer.

Regarding the RO retrievals, the globally distributed data were processed to obtain individual profiles
of each event, where each event corresponds to a profile for a specific year, month, day and hour, with
a selected 2.5° x 2.5° (latitude-longitude) gridbox, around a selected radiosonde station. Temperature,
pressure and height are considered among other atmospheric variables.

For the comparison with radiosonde data and GPS retrievals, both monthly means and corresponding
daily reanalysis data are used in the present study. Monthly means data within the 30°-60°S latitude
band were bilinearly interpolated for 1000 to 10 hPa levels to each station’s coordinates.

Daily and mean temperature profiles over the selected stations as well as the corresponding monthly
standard deviations were thus calculated for comparison with RS and GPS RO profiles.

3. Results

3.1. Comparison between the datasets

The temperature profiles derived from RS measurements, GPS RO retrievals as well as ERA 40 daily
profiles and monthly means are plotted together in the Figures 2 to 6 for SAZR and EGYP, as examples of
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the stations under study. For reanalysis products daily profiles are named ECMWF D, while ECMWF M
stands for monthly means.

Figures 2 to 4 compare, for some randomly selected events, RS data, monthly (daily) means reanalysis
and GPS RO measurements for SAZR as example of a station located near the Tropic of Capricorn.
Temperature for RS measurements in the upper levels decreases with height due to the fact that propor-
tionately fewer radiosonde launches reach stratospheric levels. By contrast, in the lower troposphere, the
situation is different. Here the number of GPS RO data available per height decreases with decreasing
altitude. This is related to the refractivity bias (Kursinski, 1997). On the other hand, reanalysis products
always contain a fixed amount of data per level. At first sight GPS RO may appear more closely related to
RS measurements than to reanalysis profiles, both for daily values as well as for monthly means and their
standard deviations. However there are GPS RO differences that increase respect to RS for heights above
the tropopause levels (stratosphere) and decrease into the troposphere. These results are in agreement
with previous results since GPS RO have their highest accuracy near 100 hPa pressure level (Kursinski
et al., 1994 and 1995; Kursinski, 1997).
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Figure 2: Vertical profile derived from radiosonde data, reanalysis daily values, reanalysis monthly means
value and GPS RO for SAZR on June 20, 2001 SAC-C (left) and July 10, 2001 CHAMP (right).
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Figure 3: As in figure 2 but for SAZR on November 24, 2001 SAC-C (left) and November 26, 2001
CHAMP (right).
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Figure 4: As in figure 2 but for SAZR on November 29, 2001 CHAMP (left) and January 22, 2002
CHAMP (right).

The differences between GPS RO and RS for the set of stations oscillates between 1-10 K. Most differ-
ences are warm biases in the lower troposphere and cold biases in the lower stratosphere. On the other
hand, for pressure levels at less than 50 hPa, or altitudes higher than 20 km, the performance of the sensor
must be taken into account due to their fundamental role at these differences.

Even in the height range of better GPS RO performance, i.e., close to the tropopause and UT/LS, all RS
profiles show a height range. This shows, despite variability, a distinct change in the temperature profile
that corresponds to the change in the temperature gradient. GPS RO profiles, on the other hand, show a
smooth curve as if the data had been fitted at the height range that surrounds the tropopause zone. Thus,
while the RS profiles suggest a complex structure in the UT/LS transition height range, the GPS RO
profiles would appear to suggest a far smoother, less stratified transition in the STE region.

The ERA 40 profiles, on the other hand, have important differences when compared with RS ones, even
at levels below the tropopause. Such differences can be detected not only in daily profiles but also
for monthly means profiles. These differences, which can extend beyond the standard deviation of the
means, could suggest systematic errors in the processed profiles. Even when there are some cases, as
shown in figure 5 (chart (b), station code 88889: EGYP), which carry few differences between profiles
from GPS RO and ERA 40 products in the stratosphere, both yield differences with respect to RS.

For almost all the stations in this study, the RS and GPS RO observed temperature profiles are quite
close but only up to about 12 kilometres, as well as with ERA 40 profiles (both the monthly mean and
the corresponding daily profile). ERA 40 profiles show cold differences at lower troposphere heights in
contrast with the stratosphere, where the biases are warm compared with RS and GPS RO observations.
These differences appear both in the daily profiles and in the monthly mean values plotted.

Both ERA 40 monthly mean values and their standard deviation show, as expected, different behaviour
for each month. In consequence, if monthly mean values, bilinearly interpolated, are considered to rea-
sonably represent the expected daily behaviour, as the plots show it happens in many cases, the detected
biases could have a strong temporary dependence.

The profiles obtained from the reanalysis show that monthly mean profiles at these locations have differ-
ences at almost all heights, which are particularly important at the upper levels between 1020 km. These
differences reach in some cases values as large as 10-14 K in and around the tropopause, showing a trend
that underestimates the temperature behaviour compared to RS and GPS RO. Thus, despite differences,
either because of bias or smoother structures in particular in the UT/LS region, GPS RO retrievals are
overall in better agreement with the observations obtained by the operational radiosonde network than
the latter with ERA 40 reanalysis products.
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Figure 5: As in figure 2 but for EGYP on: September 15, 2001 CHAMP (left) and December 10, 2001

CHAMP (right).

3.2. Tropopause

In this section only data from RS and GPS RO profiles were used to calculate tropopause parameters for
each studied event, considering the notable differences found in the reanalysis profiles with regard to the
RS, as shown in the previous section.

The GPS RO and RS data were processed in order to obtain LRT1 and, if present, LRT2 or even LRT3.
Values for tropopause pressure, height and temperature obtained by this procedure are shown in table
2 for SAEZ as an example of the approach applied to all stations. As pointed out in the methodology
section, the WMO definitions of thermal tropopause and multiple tropopause situations were used in the
present analyses. While the number of events considered during 2001-2002 do not permit the analysis
of annual variability or a full statistical analysis, a preliminary inspection of the results can suggest
important features on tropopause behaviour. As it would be expected, given the smoothness of the
GPS retrievals in the UT/LS region shown in the previous section, a preliminary inspection shows that,
while single and double tropopause events can be detected in RS observations, this is not as common an
occurrence with the GPS RO retrievals.

Examples of temperature profiles where LRT1, LRT2 and, in some cases LRT3, are identified in RS
observations but not in GPS RO retrievals are shown in figure 6.

SAEZ is one of the most representative stations for the present study, where frequent occurrences of mul-
tiple tropopauses are observed when data from radiosonde, both in low and high resolution, are available.
It is possible to note in table 2 that in RS profiles LRT1 height is found on average at around 12.5 km, with
a temperature near 210 K. These values are in reasonable agreement with GPS RO retrievals: tropopause
height is located at about 13.6 km, and the temperature is near 213 K. In this sense, Kishore et al. (2006)
found that for these regions tropopause height can vary between 9 and 16 km, while temperature values
increase from 199 K to 219 K. Special reference must be made regarding EGYP, as an example of a high
latitude station: differences between GPS and RS data can be as large as 6 km for tropopause height, yet
temperatures in both datasets are of the same order, i.e., around 213-215 K. This is less than expected
for this latitude, but represents a coherent value if the number of occultations available is taken into
account. Therefore, both GPS RO and RS datadescribe climatologically reasonable LRT1 heights and
temperatures decreasing from 12 km over subtropical/mid latitudes to about 9 km at higher latitudes, i.e.,
decreasing height values and increasing temperature values towards the Pole.

Therefore, broadly speaking radiosonde and GPS appear to be in good agreement in tropopause tem-
peratures and heights estimates when LRT1 is considered, with a decreasing agreement as latitude and
temporal independence for the available retrievals increase at the stations under study. Nevertheless, it



REVISTA DE CLIMATOLOGIA, VOL. 9 (2009) 9

is possible to infer a slight overestimation of the tropopause parameters derived from GPS RO, both in
height and/or temperature, depending on the location of the studied station. This behaviour is in good
agreement with the results previously mentioned in the comparison of temperature profiles.

An important issue regarding tropopause parameters is that of the pressure behaviour: the differences
between GPS RO and RS data are independent of station latitude and longitude. These differences vary
between a scant 1 hPa to more than 120 hPa (table 2), but in these cases pressure differences are not
reflected in height or temperature values to such an extent; i.e., the high variability between tropopause
pressure values in each event between the two methods does not imply a similar variability in temperature
or height values.

As an example, table 2 includes a row in blue corresponding to SAEZ, on 29 May, 2002, with a pres-
sure difference close to 120 hPa, while the temperature difference is only 4 K; i.e., pressure differences
are about 45%, while temperature or height differences are only near 2%. Regarding this point, studies
using radiosonde network data have evaluated the tropopause pressure monthly mean anomalies. They
concluded that, even when the pressure is independently measured (and it is generally thought that ra-
diosonde pressure observations are more accurate than temperature ones), this argument is unfortunately
wrong, and the accuracy is directly related with the performance of the sensor type used at each station
(Seidel and Randel, 2006). These anomalies are present too in reanalyses products and satellite data, as
mentioned in several previous studies (e.g., Santer et al., 2003). The comparison between the various
observation techniques and with the reanalysis further confirms these findings.
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Figure 6: Vertical temperature profiles for SACO, June 05, 2002 (upper left), SARZ, December 15,
2001 (upper right), EGYP, March 18, 2002 (lower left), and SAEZ September 04, 2001 (lower right).
(Arrows in orange denote location of tropopauses from radiosonde, while in purple correspond to GPS,
both defined by the temperature lapse rate criterion).
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Table 2: Tropopause parameters derived from radiosonde and GPS retrievals for SAEZ. Values show the
presence of LRT1, LRT2, LRT3 and even LRT4 for some events from data collected from radiosonde,
12 UTC, while values derived from GPS can detect only the first lapse rate.

SAEZ Date Pl HI Tl P2 H2 T2| P3 H3 T3
(hPa) (km) (K) | (hPa)  (km) (K) | (hPa)  (km) (K)
RS  2001-0523 | 104.0 16062.0 205.1 | 24.0 25178 273.7 | 13.6 28310 2143
GPS  14.47 190.6 123647 214.4 - - - - - -
RS  2001-06-08 | 179.0 12748.0 207.1 | 44.6 21214 208.1 _ - _

GPS 11.37 188.2 12459.6 211.5 - - - - - -
RS 2001-09-04 | 229.0 11077.0 215.1 - - - - - -
GPS 16.50 1719 12919.5 214.8 - - - - - -
RS 2001-09-12 | 194.0 12258.0 210.5 - - - - - -
GPS  03.37 147.0 14029.8 208.1 - - - - - -
RS  2001-11-04 258 10394.0 2227 | 134.0 14652 210.3 - - -
GPS 1145 253.9 105359 226.0 - - - - - -

RS  2001-11-15 | 287.0  9496.0 2223 | 109.0 15804 2153 | 62.0 19372 2164
GPS 1441 97.1 16546.0 213.2 - - - - - -
RS  2002-03-12 | 89.1 17259.0 198.9 - - - - - -
GPS 10.23 99.6 16628.5 201.9 - - - - - -
RS 2002-05-29 | 229.0 10999.0 217.1 | 135.0 14345 2140 | 64.0 18999 211.8
GPS 13.37 105.5 15908.2 2124 - - - - - -
RS  2002-06-16 | 210.0 11629.0 211.3 - - - - - -
GPS  03.27 205.6 11733.6 2155 - - - - - -

From results reported in table 2, it is possible to infer 44% of occurrences for LRT1 and near 30%
for LRT2 in SAEZ for the RS observations considered in this study. This percentage of occurrences is
obviously influenced by the limited number of events. However, the results must necessarily consider
two important factors that could influence the final profiles derived from the GPS RO: First of all, the
quality of the measurement due to the refractivity. During the analyzed years, the performance of GPS
sensors was not at its best, e.g., the number of erroneous CHAMP profiles due to different kinds of
errors, both in the capture of signals and their processing were around 30% for 2001 and 27% for 2002.
And secondly, it is also important to point out the fact that the GPS RO selected for this research were
restricted in 2.5° x 2.5° latitude-longitude gridbox and, as a consequence, the number of profiles available
for analyses was limited. While this approach restricts the possible statistics analyses, if the region under
study had been a large latitude-longitude band instead of a gridbox, the comparison with actual RS
profiles would not have been conclusive without an array of statistical test between both data sets. And
from a dynamic perspective, such a comparison would not have been reliable, since physical processes
affecting the RS profiles may not influence the GPS RO profile located at a distance and vice versa.

Nevertheless, and as mentioned above, the detection of multiple tropopause corresponds only to RS
data. The analysis of GPS RO retrievals could only detect LTR1 in most cases and practically no double
or multiple tropopause events were detected in the vicinity of the selected stations, even when the RS
profile clearly had a double tropopause occurrence. For SAZR and EGYP there were cases where GPS
RO lapse rate analysis did not even yield a single tropopause according to the WMO definition (results
not shown). Thus, given these results, it made no sense to carry out a detailed analysis of multiple
tropopause events with GPS RO profiles. Such behaviour in the satellite retrievals is systematic for all
station studied and can be seen in the examples presented in figure 6. Furthermore, when RS data reveals
the presence of multiple tropopause situations, the differences between temperatures for LRT1 derived
from both methods appears to increase. Moreover, in some cases, the single tropopause temperature
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derived from GPS RO was close to the non-weighted average of LRT1, LRT?2 and eventually, if present,
of LRT3 derived from RS measurements.

4. Discussion and conclusions

The comparison of GPS RO measurements and ERA 40 reanalysis products with RS profiles at Argen-
tinian selected sites for the period 2001-2002, provides insights into the capabilities of these different
techniques to describe the troposphere and lower stratosphere, and in particular the UT/LS region.

The comparison carried out in section 3 reveals at first sight a better agreement for GPS RO measure-
ments with RS profiles than for reanalysis products, both as daily and monthly mean values. It was shown
that, even when the agreement of GPS RO profiles with RS data varies with the location of the stations
under study, especially in the stratosphere, the resulting differences derived from remote sounding are
practically independent of the latitudelongitude because there are no correlation between the module of
the differences and the station locations. Profiles plotted for almost all stations show good agreement
with RS measurements up to 15 km, with smaller differences than at upper levels. As it was previously
mentioned, the sources of this somewhat less than perfect agreement in the lower troposphere could be
related to water vapour (Wickert et al., 2004). From figures 2 to 6 it is possible to note that, in those
cases where GPS RO profiles do not have a good agreement with RS data at the lower troposphere, the
differences between GPS RO and RS measurements commonly appear as warm biases. It could be thus
considered that in the lower troposphere GPS RO have a slight trend to overestimate temperature values
at altitudes below 10 km and tropopause vicinity. The lower stratosphere has the opposite performance
when GPS RO is compared with RS data. In this case, cold differences are more important, particularly
near 20 km. It is important to note that, for these heights, radiosonde instruments may not reach upper
levels with high accuracy measurements.

Concerning the ERA 40 reanalysis products, the comparison with the RS data shows that both the daily
values and the monthly means have differences larger than GPS RO with respect to RS data. These dif-
ferences are present in the troposphere as cold biases as well as in the stratosphere where the differences
appear as warm biases. Thus ERA 40 analysis yields behaviour with a tendency to underestimate the
temperature structure, particularly near the tropopause. The reason for these deviations could be found
in several factors, but it is important to note that the output of the ERA 40 data were bilineary interpo-
lated. As the results show, the interpolation must be done with exponential criteria that involve not only
obtaining a correct estimate, but also representative standard deviations.

Regarding the accuracy of tropopause detection, temperature and height values for LRT1 derived from
GPS RO can globally be considered in a good agreement with RS data (Kishore ez al., 2006).

Recently published papers (e.g. Schmidt et al., 2004; Randel et al., 2003) have carried out comparisons
between radiosonde measurements and data derived from GPS, considering latitude bands with a much
broader coverage in extra tropics region. They could establish, using different techniques, that tropopause
folds occur in latitude bands between 30° to 50° over both hemispheres, with more occurrences, on av-
erage, over the Northern Hemisphere than over the Southern Hemisphere. There is however a region
with enhanced multiple occurrences (at least double tropopause) at eastern South America (35°) during
the summer and winter seasons. These latitude bands with multiple tropopause events are related to the
location of the jet stream. Furthermore, it was noted that tropopause breaks and double tropopause situa-
tions could be associated with the passage of frontal systems (Palmén and Newton, 1971). More recently
the subtropical jet was considered as the primary source for double tropopause events. In simple terms,
the jets near the tropopause, either the subtropical jet or jets associated with frontal activity, can lead
to tropopause break and double or multiple tropopause situations (Wickert et al., 2004). Bischoff et al.
(2007) provide valuable information about the occurrence distribution of double tropopause at southern
extra tropical latitudes using near thirty years of observations from a radiosonde network (i.e., approxi-
mately 9000 daily profiles per station). They showed that, over SAEZ (a station sampled in this study as
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well), seasonal maximum of occurrence of double tropopause events is close to 45%. Notwithstanding an
important result derived from our comparison between GPS RO and RS measurements should be noted:
Results reveal that currently only RS observations can reliably detect the location of the LRT2 and LRT3,
and even LRT4 in some cases (e.g. SAEZ, not shown). This is an important issue given that, despite the
fact that the optimum GPS RO resolution is near 15 km or 100 hPa, their profiles cannot detect LRT2,
and much less the LRT3.

Figure 6 illustrates examples of such behaviour in the profiles. Furthermore, as it was previously de-
scribed, tropopause temperatures for LRT1 as derived from GPS RO measurements are an approximate
average value of the double or multiple tropopause at the stations where RS profiles show their existence.
Reasons for such behaviour could be related with the limited 2.5° x 2.5° latitude-longitude gridbox; i.e.,
the number of radio-occultation profiles available is rather less than in a wide latitude band approach.
But nevertheless it has the advantage of a more accurate comparison with RS due to their proximity in
space and time. However, an overview of a limited sample of profiles, as presented in figure 6, is not
sufficient for a detailed analysis and discussion. Therefore the capability of GPS RO to detect multiple
tropopause events and their location, and in consequence the percentage of their occurrences, constitutes
a controversial issue that must be further analyzed (at least with the algorithm used until 2003).
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