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ABSTRACT

Global and regional tropopause monitoring (temperature and height) has
taking advantage of atmospheric remote sensing using Global Navigation Satellite
System - Radio Occultation (GNSS-RO). In this study, 622,914 GNSS-RO data
observations obtained by CHAMP (Challenging Minisatellite Payload), GRACE
(Gravity Recovery and Climate Experiment) and COSMIC (Constellation Observing
System for Meteorology lonosphere & Climate), considering 200 months (2001 to
2017) were used to analyze the variability of the height and temperature of the
Lapse-Rate Tropopause (LRT) over South America. Firstly the atmospheric profiles
were validated using atmospheric observations for 54 radiosonde stations. The
results considering South America showed a new trend of 13.450 + 0.677 meters per
decade for the tropopause height which indicates a regional tropopause increase and
a corresponding temperature decrease of -0.021 + 0.002K per decade. The PCA
(Principal Component Analysis) of the anomalies of temperature and height of the
tropopause presented a significant correlation of 0.60 of the variability of the
tropopause with the ENSO (El Niflo—Southern Oscillation) phenomenon. The
detected increase of tropopause height in South America revel warming evidence

that should be monitored.

Keywords: GNSS-RO. Tropopause. Teleconnections. South America.



RESUMO

O monitoramento global e regional de tropopausa (temperatura e altura) tem
aproveitado o sensoriamento remoto atmosférico usando o Sistema Global de
Navegacdo por Satélite - Radio Occultation (RO-GNSS). Neste estudo, 622914
observacbes de dados GNSS-RO obtidas por CHAMP (Challenging Minisatellite
Payload), GRACE (Gravity Recovery and Climate Experiment) e COSMIC
(Constellation Observing System for Meteorology lonosphere & Climate),
considerando 200 meses (2001 a 2017) foram utilizados para analisar a variabilidade
da altura e temperatura da Lapse-Rate Tropopausa (LRT) sobre a América do Sul.
Primeiramente, os perfis atmosféricos foram validados utilizando observacdes
atmosféricas para 54 estacdes de radiossondas. Os resultados, considerando a
América do Sul, mostraram uma nova tendéncia de 13,450 + 0,677 metros por
década para a altura da tropopausa, 0 que indica um aumento regional da
tropopausa e uma diminuicdo correspondente na temperatura de -0.021 + 0.002K
por década. A PCA (Andlise de Componentes Principais) das anomalias de
temperatura e altura da tropopausa apresentou correlagcéo significativa de 0,60 da
variabilidade da tropopausa com o fendmeno ENSO (El Nifio - Oscilagdo Sul). O
aumento detectado da altura da tropopausa na América do Sul revela uma evidéncia

de aquecimento que deve ser monitorada.

Palavras-chave: GNSS-RO. Tropopausa. Teleconexdes. América do Sul.
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1 INTRODUCTION

South America (SA) may be considered a subcontinent of Americas, is located
mostly in southern hemisphere, with a small portion in the northern hemisphere, with
around 17,840,000 square kilometers. It has been facing the challenge of increasing
food production and bioenergy, furthermore, the necessity to sustaining
environmental quality in a climate change scenario, as observed by global
temperatures rising and precipitation patterns changes. In southeastern South
America, considering the period 1956-2003 the highest and lowest minimum
temperatures increase significantly at a rate of 0.342°C and 0.542°C every 10 years,
respectively (RUSTICUCCI & TENCER, 2008). In the Amazon region, two large
droughts and three floods affected the region from 2005 to 2012 see e.g.,
(MARENGO et al., 2008, 2011, 2012, 2013; ESPINOZA et al., 2009, 2012, 2013;
LEWIS et al., 2011; SATYAMURTY et al.,2013). The Andes temperature showed a
significant warming trend of 0.28°C from 1979 to 2006. Throughout the Andean
subtropical region in Argentina, the average annual temperature increased by 0.62°C
during the 20th century, accompanied by a reduction of glaciers since the 1970s
(MARENGO et al., 2011b). The Intergovernmental Panel on Climate Change (IPCC
2014) considering the Representative Concentration Pathways (RCP8.5) scenario
showed temperatures projections indicating 4°C warming with around 15% rainfall
reduction for the end of 21th century in SA.

Economic development in recent years, due to agricultural and
industrialization frontiers expansion, consequently rises the potential for greenhouse
gas emissions. Despite economic development, still exist in the majority countries of
SA a high level of poverty. The vulnerability to floods, landslides, coastal erosion and
lack of food due to agricultural droughts for the population living in such areas is
considered high (e.g., floods in cities such as S&o Paulo and Buenos Aires)
highlighting the importance to monitor temperature and understand its magnitude
(MAGRIN et al., 2014).

Temperature variations in the troposphere and stratosphere are aggravated by
greenhouse gases concentration. The tropopause is the transition zone in the
atmosphere between the upper troposphere and the lower stratosphere, acting on
the thermal equilibrium in this region. The tropopause temperature is sensitive to
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temperatures variations in the troposphere and stratosphere. Similarly, the height of
the tropopause tends to increase proportionally by the temperature variations
occurring in the troposphere and stratosphere. Therefore, the mean height and
temperature of the tropopause can act as climate change indicators (MELBOURNE
et al., 1994; SANTER et al., 2003; SCHMIDT et al., 2008). The mean global
tropopause height presents an upward trend in the reanalysis and radiosonde
observations for the period from 1979 to 2001 (SANTER et al., 2004). However, the
limitations of vertical resolution in the reanalysis, radiosonde models and few
radiosonde data distributed homogeneously on the globe are still obstacles to
accurately identifying the tropopause.

The atmospheric remote sensing technique known as GNSS Radio
Occultation (GNSS-RO) makes use of GNSS (Global Navigation Satellite System)
signals in conjunction with Low Earth Orbit (LEO) satellites, e.g. CHAMP
(Challenging Minisatellite Payload), GRACE (Gravity Recovery and Climate
Experiment) and FORMOSAT-3/COSMIC (Constellation Observing System for
Meteorology lonosphere & Climate). The main problems related to radiosondes and
reanalysis models are the low vertical resolution and inhomogeneous distribution of
data on the globe. GNSS-RO overcomes these limitations due to the precision of the
GNSS technique. The GNSS-RO observations have higher vertical profile resolution
(~ 0.5 to 1.5km), data distributed almost evenly across the globe, including the
oceans. The GNSS-RO technique does not require active calibration and maintains
the long-term system stability excluding problems such as time series discontinuities
(MELBOURNE et al., 1994). Global studies of tropopause showing trends derived
from GNSS-RO, see e.g., Schmidt et al. (2008) and regional studies, see e.qg.
Khandu et al. (2011); Khandu, Awange & Forootan, (2016), pointed to increasing

height and decreasing temperature in tropopause.
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1.1 OBJECTIVES

In this section we present the general and specific objectives of this

dissertation.

1.1.1 General objective

The general objective of this research is to investigate the tropopause height
and temperature considering South America between 2001 and 2017 (17 years),
using GNSS-RO data from CHAMP, GRACE and COSMIC.

1.1.2 Specific objectives

e Validate GNSS-RO with atmospheric observations of temperature obtained
from radiosonde in South America.

e Compare the tropopause height and temperature trends found in South
America with global tropopause tendencies e.g. (SEIDEL & RANDEL, 2006;
SCHMIDT et al., 2008).

e Correlate the tropopause height and temperature variability with the

teleconnections.

1.2 DISSERTATION STRUCTURE

The second chapter describes the radiosonde as a classical method for
obtaining atmospheric profiles, presents the theoretical basis of the GNSS-RO
technology and the atmospheric oceanic indexes representing the teleconnections.
The chapter 3 presents the study area (South America), radiosonde data and GNSS-
RO, describing the methodology applied for the validation of the GNSS-RO data and
obtaining the height and temperature of the tropopause. In chapter 4 are the results,
including the validation of the data, analysis of the trends of the height and
temperature of the tropopause and correlation between the variability of the
tropopause in South America with the teleconnections. Chapter 5 finalize with

conclusions and recommendations.
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2 THEORETICAL FOUNDATION

Radiosonde is the classic method for obtaining atmospheric profiles. In the
sequence it is presented the obtaining radiosonde data, the theoretical concept of the
GNSS-RO technology with a summary of the space missions and the occultation
geometry, the grounding of the teleconnections and the indexes used in this

dissertation.

2.1 RADIOSONDE

The radiosondes, altitude meteorological stations, are equipped with sensors
of temperature, humidity, pressure and a GNSS receiver responsible for determining
the sounding altitude. By traversing the tropospheric vertical profile using a balloon
inflated with hydrogen or helium, the radiosonde collects dynamic and
thermodynamic variables of the atmosphere (e.g., pressure, temperature, humidity,
wind speed and direction) at various levels of altitude in the atmosphere, as it the
passes through the layers of the atmosphere, the radiosonde sends the data, via
radio to the ground station (Fig.1). The radiosondes provide data between the
surface of the Earth and approximately 30 km of altitude with average vertical
resolution of about 50 m, in good weather conditions, altitudes of up to 40 km can be
reached (WICKERT, 2004b). Atmospheric profiles obtained by radiosonde have been
recorded since the 1970s, providing a significant time series for several studies,

being an extremely important tool to support climate monitoring and forecasting.
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Figure 1 - Scheme of the launching and transmission of radiosonde data.

Baloon

Radiosonde\\A

Ground station

Source: Adapted from OLIVEIRA, AMORIM & DERECZYNSKI (2018)

2.2 GNSS-METEOROLOGY/RADIO OCCULTATION (RO)

On April 1995, the US launched the Microlab-1 satellite considered LEO (Low
Earth Orbit) to investigate the GNSS-RO potential in obtaining neutral atmosphere
and ionosphere data, the mission became known as GPS/MET (Global Positioning
System/Meteorology) and collected atmospheric data from 1995 to 1997. The
GPS/MET receiver built by NASA (National Aeronautics and Space Administration) is
a GPS receiver that produces only a small number of RO probes (~ 125) per day,
many of the probes have failed in the lower troposphere (3 to 5km above the
surface). However, GPS/MET provided a huge insight about the GNSS-RO signals
behavior, which led to a new design for the next-generation occultation receivers
(JIN, CARDELLACH & XIE, 2014).

After the success of the mission, several countries carried out their own
scientific missions. The CHAMP (Challenger Minisatellite Payload) mission launched
in a near-circular orbit with an initial elevation of 454 km and an inclination of 87.2°
on July 15, 2000, by Germany in partnership with USA for magnetometry and gravity
mapping also providing GNSS-RO data between 2001 and 2008. The CHAMP uses
the GPS radio occultation technique to provide globally distributed atmospheric
profiles, the vertical resolution ranges from 0.5km in the troposphere to less than
1.5km in the stratosphere (WICKERT et al., 2001, 2005, 2009; TAPLEY et al., 2004).
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The GRACE (Gravity Recovery and Climate Experiment) mission is a
partnership between the agencies, NASA and DLR (Deutsche Forschungsanstalt fiir
Luft und Raumfahrt), consisting of two satellites separated by 220km orbiting the
Earth from March 17, 2002 at an initial altitude 500km and an almost circular orbit of
89.0° inclination. The GRACE mission is designed to track changes in Earth's
gravitational field for a period of five years, the mission was in operation until
December 2017, in 2018 GRACE-FO (Gravity Recovery and Climate Experiment
Follow On) was launched, which continues the GRACE mission (TAPLEY et al.,
2004; WICKERT et al., 2005, 2009).

The FORMOSAT-3/COSMIC (Constellation Observing System for
Meteorology lonosphere & Climate) is a partnership between the University
Corporation of Atmospheric Research (UCAR), and the National Space Organization
of Taiwan (NSPO). This is a scientific mission to develop observation techniques
using GNSS signals for weather forecasting and climate analysis. On April 14, 2006
the Formosat-3/COSMIC mission entered orbit with a constellation of six LEO
satellites with low-inclination (equatorial) orbits with 516km altitude, generating 2,500
probes per day, distributed globally, with data available from 22 April 2006 (FONG et
al., 2008; JIN, CARDELLACH & XIE, 2014).

The European Union Meteorological Operational Satellite (METOP), launched
on 19 October 2006, is the first polar orbiting satellite in Europe to provide data for
climate forecasting and monitoring. The SAC-C (Satellite of Scientific Applications-C)
that carries a multispectral imager and a magnetometer launched in 2000 by
Argentina-USA partnership. TERRASAR-X launched by Germany and in operation
since 2008. The South Korean mission KOMPSAT-5 (Korea's Multi-Purpose
Satellite-5) has been in operation since 2015. As well as a number of other missions
with RO receivers are planned such as the Chinese FY-3C (Feng-Yun 3C); ROHP-
PAZ of Spain and EQUARS (Equatorial Atmosphere Research Satellite) of Brazil
(2020). The increase of the GNSS-RO constellation can have a profound impact on
long-term climatological studies and short-term weather forecasts (JIN,
CARDELLACH & XIE, 2014).

The GNSS radio occultation technique (RO) is based on accurate double-
frequency measurements (L-band) made by a GNSS receiver on board of a LEO
satellite that receives the signals transmitted by the GNSS satellite constellation.

Radio occultation occurs when the GNSS satellite, which is opposite to the LEO
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receiver satellite, transmits a signal tangent to the atmosphere, i.e. occult by the
horizon (Fig.2), as the LEO satellite and GNSS move, the signal crosses the various
layers of the atmosphere which leaves the path traveled by the slightly flexed signal.
The other satellites of the GNSS constellation that are not in the geometric position to
perform the radio occultation are used to accurately determine the positions, speeds
and GPS and LEO clocks errors (JIN, CARDELLACH & XIE, 2014).

Figure 2 - Radio occultation geometry composed by: GNSS RO occult by the atmosphere, reference

GNSS (not occult), GNSS LEO (receiver of the radio occultation) and ground station.

GNSS_Ref
% =
GNSS_Occ o

LEO

Earth

Neutral
Atmosphere

Source: Adapted from JIN, CARDELLACH & XIE (2014).

As the light pathways bend during an occultation event, the signal delay
received by the LEO satellite is observed as a difference in signal phase and
amplitude. The changes in the GPS signal when passing through the atmosphere are
described by three parameters (Fig.3), the angle of bending (a), an impact parameter
(a) and a tangent radius (r;) (AWANGE & GRAFAREND, 2005).
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Figure 3 - Geometry of an occultation, in which (a) is the signal curvature angle, (a) the impact
parameter and (rt) the tangent point, both representing the signal variation parameter. The vectors VG

and VL are the speeds of the GNSS and LEO satellites, respectively.

GNSS
D
5% —

T

Atmosphere

Source: Adapted from JIN, CARDELLACH & XIE (2014).

The relationship between the bending angle (o) caused by the atmospheric
refraction, the impact parameter (a) (the radial distances for the beginning and signal
bending ending) and the refractive index (n) is given by equation 1, (AWANGE &
GRAFAREND, 2005):

a(a) = 2a f
r=ry

1 din(n) i o)

n2rz —az dr

Using the Abel transformation to express the bending angle deduced from the

position and velocity of the GNSS and LEO satellites as a function of the parameter a

it is possible to obtain the refractive index, n, presented in equation 2 (AWANGE &
GRAFAREND, 2005):

_ a=°  a(a)
n(r,) = exp Ua:ao ﬁ

da @)
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Where, 1y is the radius relative to the center of the Earth. From the refractivity
N, which is related to the refractive index n, using empirically determined coefficients
the atmospheric parameters, such as temperature, pressure and air density, are

calculated in equation 3 (AWANGE & GRAFAREND, 2005)::

_ _ P B, N,
N =(n—1)10° = 77.6 - +3.73x 10° 5 — 40.3 % 106f—2 + 14w, (3)

Where P is the air pressure in mbar, T is the air temperature in K, P, is the
partial pressure of the water vapor in mbar, ne is the electron density per cubic meter
in number of electrons/m™, f is the frequency of the transmitter in H, and w is the
liquid water content in g/m3. In equation 3, the refractivity N receives three main
contributors in the first term by dry neutral atmosphere (called dry component) in the
second term the water vapor (also called wet components) and the third term are the
free electrons in the ionosphere (AWANGE & GRAFAREND, 2005).

2.3 TELECONNECTIONS

The teleconnections are important parameters to explain the regional
anomalies occurrence associate with remote regions anomalies. The term
“teleconnection” refers to a recurrent and persistent anomalies pattern of a particular
variable, which may persist for several weeks, months, or years, thus showing an
important part of the interannual and interdecadal climate variability of the
atmosphere (CAVALCANTI & AMBRIZZI, 2009). In this study, teleconnections are
represented by three ocean-atmospheric indexes: (i) quasi-biennial oscillation (QBO),
(i) El Nino and the Southern Oscillation (ENSO), and (c) SST-Atlantic, which are
commonly associated with significant fluctuations in the temperatures of the upper
troposphere and lower stratosphere.

The Quasi-Biennial Oscillation (QBO) is characterized by east-west
descending wind regimes, with a variable period of approximately 28 months. The
QBO dominates the variability of the equatorial stratosphere, although it is a tropical
phenomenon, it affects the stratospheric flow from pole to pole with extratropical
dynamic effects in the troposphere and mesosphere. By modulating the propagation
of extratropical waves the QBO has an effect on the breaking of the stratospheric

polar vortices that affect the surface weather patterns, providing the mechanism for
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QBO to have an effect on the Earth surface (BALDWIN et al., 2001). Angell &
Korshover (1964), showed the evidence of almost biennial oscillations in
stratospheric temperature and tropopause, with a good correspondence between the
QBO variation’s in height of the tropopause in relation to the QBO variation of the
temperature in the lower stratosphere. Reid & Gage (1985), found that the
tropopause height has a significant QBO dependence in the tropical stratosphere and
the temperature anomalies El Nifio-Southern Oscillation (ENSO).

ENSO is the phenomenon characterized by Sea Surface Temperature (SST)
anomalies in the Pacific Ocean. The hot and cold phases of the ENSO are called El
Nifio and La Nifia events, during periods under El Nifio influence, there is a positive
anomaly of SST values along the Peru coast and negative values near the Australia
coast. The phenomenon La Nifia is characterized by the opposite situation.

The ENSO event can occur when SST anomalies exceed 0.4°C for 6 months
or more (TRENBERTH, 1997). To characterize ENSO events, two oceanic indexes
(Fig.4) are used: (i) Niflo 3.4 (5°N - 5°S, 120°W - 170°W) index that corresponds to
the equatorial anomalies of the SST to the east of the coast line of South America, (ii)
Nifio 1+2 (0° - 10°S, 90°W - 80°W) corresponding to the region with the smallest area
of extension and the largest variance of the Nifio SSTs regions (TRENBERTH &
STEPANIAK, 2001), fitting in this study, considering the eastern region and SA west
coast correspondence. Several studies have found that together with the ENSO, the
SST - Atlantic has influenced the precipitation regime variability over SA, see e.g.,
Moura & Shukla (1981); Andreoli et al., (2004); Giannini, Saravanan & Chang,
(2004); Santos & Brito (2007). For the teleconnection with the Atlantic Ocean (Fig.4),
two indices are also used: (i) Tropical Southern Atlantic (TSA) using the range
between 0° and 20°S and between 30°W and 10°E, (ii) Tropical Northern Atlantic,
(TNA) where the anomalies of SST are calculated between 5.5°N and 23.5°N and
between 57.5°W and 15°W. The QBO, Nifio 3.4, Nifio 1+2, TSA and TNA indices are

obtained from the National Oceanic and Atmospheric Administration (NOAA).
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Figure 4 - Regions of the ENSO indexes (Nifio 3.4 and Nifio 1 + 2) and SST - Atlantic (TSA and TNA).
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To study the temperature and height variations of the tropopause in relation to
the teleconnections the PCA (Principal Component Analysis) is applied to the
anomalies of height and temperature of the tropopause. The PCA is an exploratory
statistical data tool used in atmospheric/oceanic science because it allows a spatial
and temporal decomposition of geophysical data (e.g. temperature) according to the
main factors of variability in the atmosphere (RANDEL, WU, & GAFFEN, 2000;
GETTELMAN et al.,, 2001; KHANDU, AWANGE & FOROOTAN, 2016). The PCA
applied to the tropopause anomalies finds a set of spatial patterns called Empirical
Orthogonal Functions (EOFs), together with a set of uncorrelated temporal series or
Principal Components (PCs) that is obtained by the projection of each EOF in the
original data of anomaly (eq. 4), the PCA results explain most of the observed
variance (expressed as a percentage) of spatial-temporal data (PREISENDORFER,
1988; KHANDU, AWANGE & FOROOTAN, 2016).

Peny = X(ts)Es ), (4)

To apply PCA, the series must be in matrix format, in eq. 4, X, iS the matrix
of the data, where t is the temporal component and is the spatial component of the
height and temperature anomalies, E ) iS a matrix of orthogonal functions, where n
is a number of functions and the matrix Pyn are the main components of the

variability distributed throughout the time series.
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3 MATERIALS AND METHODS

This section describes South America as a study area, presents the format
and acquisition of the radiosonde and GNSS-RO data, describing the methodology
applied for the validation of the GNSS-RO data and obtaining the height and
temperature of the tropopause. The processing steps were performed by Matlab

software.

3.1 STUDY AREA

South America (SA) has a large latitudinal range, from equatorial areas to
medium latitudes. The relief varies between the Andes Mountain Range and several
plateaus and plains. The Amazon rainforest in northern SA has dense vegetation
cover and high seasonal rainfall zone. These conditions vary to the extreme
opposite, considering the Atacama Desert. All combined factors contribute to
different types of climatic regimes in this region, making SA an excellent opportunity
to study trends in tropopause heights and temperatures. The boundary of the study
area is between 20°N and 60°S (latitudes) and 90°W at 30°W (longitudes), involving
the continental area and part of the adjacent oceans, bordering Pacific in the west
and Atlantic in the east.

Figure 5 shows the study case limits and radio occultation observations
locations considering 2007 (Fig. 5a) and 2008 (Fig. 5b), for four observation sources:
COSMIC (green dots), CHAMP (red dots), GRACE (blue dots) and radiosonde (black
triangles) stations. Fig. 4a shows 4,706 occultation provided by CHAMP, 2,443 by
GRACE and 69,867 by COSMIC. Fig. 5b shows 3,597 occultation for CHAMP with is
smaller in relation to 2007 because the mission provided data until October of 2008,
it also shows 3,147 by GRACE and 69,756 by COSMIC.
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Figure 5 - Radio occultation observations for the years (a) 2007 and (b) 2008 as measured by
COSMIC (green points), CHAMP (red points) and GRACE (blue points) satellites. The black triangles

indicate the 54 radiosonde stations.
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3.2 DATA

Radiosonde data were provided by The Department of Atmospheric Sciences,
University of Wyoming. Most stations are located at the major airports in South
America (Fig. 5), the radiosonde observations are collected daily, every 12 hours and
provided atmospheric parameters (such as temperature and pressure profiles) at
standard pressure levels (e.g. 850hPa, 700hPa, etc.). The radiosondes atmospheric
profiles are used for validation criteria considering the GNSS-RO data set from
CHAMP, GRACE and COSMIC. Table 1 summarizes the main differences between
the radiosonde and GNSS-RO data. Radiosondes have punctual spatial distribution
mainly located at airports whereas the GNSS-RO data provides occultation according
to the GNSS satellite orbit which allows points distributed almost everywhere around
the Earth including over the oceans. Considering the temporal distribution, each
radiosonde collects 2 atmospheric profiles per day (every 12hrs, in general at 00:00
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and 12:00 UTC). The GNSS-RO for the same reason mentioned above collects a

greater number of occultation per day at different times.

Table 1 - Data source, provider, and spatial and temporal distribution.

. Spatial Temporal
Data Provider Source Distribution Distribution
. University of Fixed points(e.g.  Every 12 hrs (e.qg.
Radiosonde Wyoming Airports) 0h/12h)
CHAMP-RO CDAAC NASA/GFzZ Homogeneous Homogeneous
GRACE-RO CDAAC NASA/GFzZ Homogeneous Homogeneous
COSMIC-RO CDAAC UCAR/NSPO Homogeneous Homogeneous

Source: The Author (2018).

The GNSS-RO data from CHAMP, GRACE and COSMIC missions were
provided by the UCAR (University Cooperation for Atmospheric Research) CDAAC
(COSMIC Data Analysis and Archive Center) processing center. The level 2 data
format, available in CDAAC, contains refractivity profiles inverted by Abel
transformation with air temperature, water vapor, air pressure, height above mean
sea level and location of radio occultation (KHANDU et al., 2011). In this study were
selected the variables: altitude, pressure, temperature and hiding position.

The CHAMP satellite provided 33,824 atmospheric profiles uniformly
distributed in the study area during the period from May 19, 2001 to October 5, 2008
(Fig. 6a). The CDAAC provides GRACE data from February 28, 2007 to July 31,
2017, a total of 38,764 GRACE radio occultation as shown in Fig. 6¢c. The COSMIC
radio occultation data for the period from April 22, 2006 to December 31, 2017
registered 550,326 atmospheric profiles distributed in the study area according with
Fig. 6b. The Fig. 6d shows the annual distribution of the data considering these
missions and highlights that since 2006 the COSMIC mission contributes with a
greater amount of data compared with the CHAMP and GRACE.
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Figure 6 — Monthly distribution of GNSS-RO data for South America. (a) CHAMP from 2001 to 2008,
(b) COSMIC 2006 to 2007, (c) GRACE 2007 to 2017, and (d) annual distribution of the three data

series.
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3.3 METHODOLOGY

Figure 7 shows the methodological flowchart used in this dissertation. In the
following the atmospheric profiles obtained by radiosondes will be used as reference
for validation of atmospheric profiles of GNSS-RO data based on statistical criteria
established in Wickert, (2004b). If the validation is accepted, the height and
temperature of the tropopause of each atmospheric GNSS-RO profile will be
extracted, otherwise the GNSS-RO sample will be discarded. Using the time series of
the validated GNSS-RO data will be calculated the trend of the height and
temperature of the tropopause to South America. The last step is to verify, through
the PCA, if there is correlation in the variability of the height and temperature of the
tropopause with teleconnections.
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Figure 7 - Shows flowchart the methodology used to validate the height and temperature profiles of

the tropopause.
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3.3.1 GNSS-RO temperature profiles validation

The GNSS-RO temperature profiles are compared to radiosonde observations
at 17 standard pressure levels between 850hPa and 20hPa. As the spatial and
temporal distribution of the radiosonde and GNSS-RO data are different, to ensure
that the GNSS-RO atmospheric profiles to be compared with the radiosondes are in
the same climatic conditions it is necessary to select: (i) GNSS-RO profiles that are
spatially separated by a radius less than 100 km radiosonde; (ii) the difference
between the screening time of the GNSS-RO profile and that of the radiosonde is
less than 3 hours (WICKERT, (2004b). With selected profiles it is calculated the
mean temperature deviation AT(l) at each pressure level and its corresponding



32

standard deviation o,r(l) are obtained using equations 5 and 6 respectively,

(WICKERT, (2004b):

M)
AT(1) = Z Tp(cNnss-ro) (i, 1) — Trs (i, 1), %)
i=1
and
1 M)
oar(l) = m Z (TD(GNSS—RO)(iy ) — Trs(i,1))?, 6)
i=1

Where M(l) denotes the number of data points per pressure level, i is the
individual RO and radiosonde data, Tpcnss-ro iS the temperature derived from the
satellite data, and Tgs is the temperature given by the radiosonde measurements. In
this analysis, any temperature deviations obtained using (eq. 5) that were greater
than 20K were discarded to reduce outliers influence (WICKERT, (2004b).

Wickert, (2004b) e.g. compared the compare the temperature profiles obtained
by CHAMP with radiosonde observations in different geographic regions (Australia,
China, Europe, India, Japan, countries of the former SU and USA and the results
between CHAMP and radiosonde showed a bias less than 1K and standard deviation
less than 2.7K. Holzschuh, Sapucci & Monico, (2010) compared the atmospheric
profiles obtained with the CHAMP satellite over South America with radiosonde
profiles, the result indicated a bias below 1K and a standard deviation of up to 3K in

the atmospheric layer between 9 and 18 km in the atmosphere.

3.3.2 Tropopause heights and temperatures derivation

This dissertation focuses on interannual variations in the first tropopause
known as LRT (Lapse-Rate Tropopause) that is defined by the WMO (World
Meteorological Organization - 1957) as the lowest level where the lapse rate
decreases 2K/km or less, provided that the average lapse rate between that level
and all other higher levels within 2km does not exceed 2K/km, (WMO, 1957). The
tropopause height and temperature obtained in the atmospheric profiles GNSS-RO
are based on the definition provided by the WMO-1957.

As the height of the tropopause is strongly dependent on latitude, the study
area (20°N - 60°S) was divided into three different zones (see Table 2). The GNSS-
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RO dataset mean and standard deviation associated with each zone are calculated
monthly. The differences between monthly averages and annual averages produce a
monthly time series of tropopause anomalies (height and temperature). The linear
trends are based on height and temperature anomalies calculated from the annual
averages. To avoid outliers, monthly data with more than three times the standard

deviation, under this criterion for each zone are discarded (KHANDU et al., 2011).

Table 2 - The South America subdivisions considering latitudinal zones to analyze height and

temperature.
Zone Latitudes
Tropics 20°N - 20°S
Subtropics 20°S - 40°S
Mid-latitudes 40°S - 60°S

Source: The Author (2018).
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4 RESULTS AND DISCUSSIONS

Results include validation of GNSS-RO data, latitudinal and seasonal analysis
of tropopause, trends in tropopause height and temperature, and correlation between

tropopause variability in South America and teleconnections through PCA.

4.1 RO TEMPERATURE PROFILES VALIDATION

Before determining the tropopause height and temperature, it is necessary to
ensure that the GNSS-RO atmospheric profiles are compatible with the radiosonde
data and therefore whether they are suitable for climatic variability studies.

Figure 8 shows a comparison between the atmospheric temperature profiles
obtained from radiosondes with GNSS-RO profiles of CHAMP missions (Fig. 8a, 8d),
GRACE (Fig. 8b, 8e) and COSMIC (Fig. 8c, 8f). Radiosonde stations were distributed
spatially at six airports to cover latitude and longitude variations in South America.
The dates of the atmospheric profiles were randomly selected between 2001 and
2017. The temperature atmospheric profiles obtained by CHAMP are compared with
the radiosondes at Corozal airports (Fig. 8a) on September 27, 2004 (lat: 8.9°, long: -
79.6°) and Santo Domingo (Fig. 8d) at n November 3, 2007 (lat: -33.6°, long: -71.6°).
For the GRACE profiles, the radiosonde observations of the Alta Floresta airport (Fig.
8b) were used on July 16, 2008 (lat: -9.9°, long: -56.1°) and at the airport of Foz do
Iguagu (Fig. 8e) on August 17, 2014 (lat: -25.5°, long: -54.6°). COSMIC profiles are
compared to radiosondes at Belém airport (Fig. 8c) on July 18, 2007 (lat: -1.3°, long:
-48.5°) and Vitéria airport (Fig. 8f) on September 23, 2014 (lat: -20.3°, long: -40.3°).
In all comparisons, GNSS-RO profiles were selected that were closer to the
radiosonde stations, according to the criteria (i) and (ii) established in section Sec
.3.3.1 that are been separated spatially by a radius less than 100km and with a time
interval shorter than 3 hours in relation to the radiosonde profile (WICKERT, 2004b).
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Figure 8 - Compares the radiosonde profiles obtained at six airports with the atmospheric profiles
obtained from CHAMP, GRACE and COSMIC for the period from 2001 to 2017 which matches with

radiosondes observations between 8km and 25km.
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Analyzing Fig. 8, COSMIC temperature profile showed the best fitting with the
corresponding radiosonde profile with a near zero bias between 10km and 24km.
CHAMP, GRACE and COSMIC profiles matches with the observations of the
radiosonde between 8km and 25km, with small heights deviations above 16km.
Considering the water vapor presence, the profiles obtained by the 3 missions
showed a larger bias in relation to radiosonde, similar with the results presented by
Wickert et al., (2005) considering CHAMP profiles.

Figure 9 shows the GNSS-RO validation results of temperature profiles at 17
pressure levels, the mean temperature deviation AT (eq. 5) and its corresponding
standard deviation o7 (eq. 6) for all the GNSS-RO profiles (CHAMP, GRACE and
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COSMIC) compared with 54 radiosonde stations in South America during the period

from 2001 to 2017, selected considering the criteria in Sec.3.3.1.

Figure 9 - Comparison between GNSS-RO temperature and radiosonde observations for South
America between 2001 and 2017, presented as mean and standard deviation. (a) Comparison of
CHAMP and radiosonde temperature estimates from May 2001 to October December 2008. (b)
GRACE RO profiles from February 2007 to July 2017. (c) COSMIC profiles from April 2006 to
December 2017. (d) Number of GNSS-RO profiles used.
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The CHAMP dataset between May 2001 and October 2008 with 168 profiles
(Fig. 9d) were used for the comparison with the radiosonde observations and showed

a bias below 1K for heights between 10km and 26.5km, with a maximum standard
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deviation of 2.1K (Fig. 9a). For GRACE data, 460 profiles were selected (Fig. 9d)
from February 2007 to July 2017. The deviation between 10 and 26.5km is less than
1K with a maximum standard deviation of 2.1K (Fig. 9b). The COSMIC data, from
April 2006 to December 2017 provided 2,915 (Fig. 9d). The results indicate
temperature deviations less than 0.6K ranging between 10km to 25km, with standard
deviations less than 2K (Fig. 9c).

It is possible to notice that below 9km the temperature standard deviation
suffers a significant increase of the negative bias that is associated with the presence
of water vapor. Below that altitude the GNSS-RO temperature estimates are
significantly affected by water vapor, which is neglected during the Abel
transformation (MELBOURNE et al.,, 1994; WICKERT et al., 2004; AWANGE &
GRAFAREND, 2005; ANTHES et al., 2008).

Comparing the three missions’ profiles, it is possible to observe a bias less
than 1K between 10km and 25km among GNSS-RO temperatures and radiosonde.
The COSMIC dataset presented the best results compared with the others, besides
providing significantly more profiles (Fig. 6d) also presented better results for the
average temperature, showing results below 0.6K and less deviations between 10
and 18km with less than 2.1K.

4.2 TROPOPAUSE HEIGHTS AND TEMPERATURES

Figure 10 shows the tropopause (height and temperature) monthly average in
SA between May 2001 and December 2017, according to RO data from CHAMP,
GRACE and COSMIC. The mean tropopause height and temperature are calculated
monthly and have a cyclic pattern. In summer (January - March), the height highest
values are accompanied by the lower temperatures, while in the winter (July -
September) this cycle is inverted, presenting the tropopause lowest heights and
higher temperatures. The monthly tropopause average for South America between
2001 and 2017 is 14.18 + 0.52km for height with average temperature of 203.46 +
1.55K. The monthly height average peaks are July 2006 with 12.92Km and January
2005 with 15.62km (Fig. 10b), these months also corresponding to the peaks for
monthly temperature average (Fig. 10a), being July 2006 with 206.98K, and January
2005 with 198.88K.
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Figure 10 - Monthly tropopause mean (a) temperature and (b) height for South America using the
GNSS-RO data for the period between 2001 and 2017.
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4.3 SPATIO-TEMPORAL VARIATION

As discussed earlier, the tropopause parameters exhibit a strong latitudinal

dependence. Feng, Fu, & Xiao, (2012), using radiosonde data between 1965 - 2004

presents the tropopause with average height ranging from 16.2km in the equatorial

zone to 8.5km in the poles. The tropopause height estimated by the GNSS-RO data

for the tropical zone (at the equator) is approximately 17km and at latitudes near 8km

poles (RIECKH et al., 2014). Fig. 11 shows the tropopause behavior in relation to the
latitudinal zones in SA for the year 2008 using COSMIC (green dots), GRACE (blue
dots) and CHAMP (red dots). COSMIC provided the largest number of atmospheric
profiles 58,548 while GRACE provided 3,130 and CHAMP 3,358, despite the

difference in the amount of data, the three datasets showed the same behavior

considering the latitudinal distribution.
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Figure 11 - Height (a) and temperature (b) of the tropopause in relation to latitude variations derived
from GNSS-RO observations during 2008.
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Comparing Fig. 11a with the latitudinal division on table 2, it can be observed
that for the tropical region (20°N - 20°S) the height tropopause varies between 15km
and 18km with an average height of 16.64km and standard deviation of 0.39km. In
the subtropical region (20°S - 40°S) is the highest heights variation, with values
between 10km and 18km with an average of 14.50km and 0.92km of standard
deviation. In the middle latitudes (40°S - 60°S) it is presented the lowest average for
the tropopause height with 10.75km and 0.23km of standard deviation. The

tropopause temperature (Fig. 11b) also showed a distribution based on the latitudinal
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zones on Table 2, where the tropical region (20°N - 20°S) presented the lowest
temperatures with a mean of 193,05K and 2,32K of standard deviation. The
subtropical region (20°S - 40°S) presented a transition between the highest and
lowest temperatures with a mean of 205.08K and 3.28K of standard deviation. The
middle latitudes (40°S - 60°S) presented the highest temperatures with a mean of
215.15K and 2.78K standard deviation.

4.4 SEASONAL VARIATIONS

The tropopause behavior in the summer and winter seasons was studied in
relation to the three GNSS-RO datasets (CHAMP, GRACE and COSMIC), using data
from 2007 and 2008, period in which the data of the three missions are available. Fig.
12 shows the average height of the seasonal tropopause for the summer (January
2008 to March 2008), using CHAMP (Fig. 12a), GRACE (Fig. 12b) and COSMIC (Fig.
12c) for winter (July to September 2007), with CHAMP (Fig. 12d), GRACE (Fig. 12e)
and COSMIC (Fig. 12f). During the summer, the tropopause height reaches the
highest values in the Northwest region of SA and the lowest altitudes in the Southern
region. The height average in the tropics (20°N - 20°S) is 16.88km with maximum
values occurring between 17km and 18km, in medium latitudes (40°N - 60°S) the
tropopause height average decreases to 10.84km. While in winter the tropopause
height decreases, in the tropics (20°N - 20°S) the maximum values are concentrated
between 16km and 17km with few occurrences above these values, the average in
this region is 16.26km showing a seasonal height average decrease of 0.62km. In
the middle latitudes (40°N - 60°S) the mean tropopause height decreases to 10.52km
with values between 10km and 11km. In both summer and winter the tropopause
height varies between the tropical region and the mid-latitudes approximately by
5km. Comparing the GNSS-RO results (CHAMP, GRACE and COSMIC), the three
missions presented a similar structure for tropopause height, with higher heights for
the summer than in winter. The CHAMP showed a slightly smaller tropopause height
considering both summer and winter when compared to the others two datasets
(GRACE and COSMIC).
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Figure 12 - Seasonal distribution of tropopause height (km). Summer (2008): CHAMP (a) GRACE
(b) and COSMIC (c), for winter (2007): CHAMP (d) GRACE (e) and COSMIC (f).
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Figure 13 shows the results for tropopause temperatures using GNSS-RO
data between 2007 and 2008, summer (2008) and winter (2007) for CHAMP (Fig.
13a, 13d), GRACE (Fig. 13b, 13e) and COSMIC (Fig. 13c, 13f). The three datasets
showed a similar tropopause temperature distribution. The summer temperatures
(January - March) in the tropical region (20°N - 20°S) are lower than those of winter
(July - September), this could be explained by the annual temperature cycle in this
region presented by Reid & Gage, (1981) that using radiosonde data found
temperatures on average 5K lower in January compared to August. When comparing
the three missions it is possible to notice that COSMIC presented the highest

temperatures, for summer and winter compared with CHAMP and GRACE.
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Figure 13 - Seasonal distribution of tropopause temperature (k). Summer (2008): CHAMP (a) GRACE
(b) and COSMIC (c), for winter (2007): CHAMP (d) GRACE (e) and COSMIC (f).
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4.5 TREND ANALYSIS

The temporal trend for tropopause height and temperature were investigated
using, the tropopause height and temperature (Fig. 14) monthly anomalies time
series which were evaluated by subtracting the annual cycle from each individual
monthly average, this was done to remove the cyclical trend effect on the data. The
trend and its respective standard error at = 2-sigma significance level were calculated

according to Karl et al., (2006).
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Figure 14 - Tropopause height and temperature anomalies estimated from CHAMP, GRACE and
COSMIC data between 2001 to 2017.
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The time series (2001 to 2017) trends of height and temperature anomalies
estimated are summarized on Table 3. The tropopause height trend over South
America is presented in m/decade and the temperature in k/decade, the linear
regression adjusted trend faced an tropopause height increase of 13.450m/dec with
a decrease of -0.021K/dec in temperature. Analyzing the SA latitudinal regions, the
tropics and subtropics presented an upward tendency to the tropopause height with
values of 8.734m/dec and 42.884m/dec and temperature descending with -
0.019K/dec and -0.202K/dec, respectively. Only the middle latitudes region
presented the tropopause height with -6.442m/dec, with is an negative tendency and

an temperature increase of 0.006K/dec.
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Table 3 - Trends in tropopause height and temperature in South America, estimated by CHAMP,
GRACE and COSMIC between 2001 and 2017.

Zone Height (m/dec) Temperature (K/dec)
Tropics 8.734 £ 0.523 -0.019 + 0.003
Subtropics 42.884 £1.102 -0.202 + 0.004
Mid-latitudes -6.442 + 0.377 0.006 + 0.003
South America 13.450 + 0.677 -0.021 + 0.002

Source: The Author (2018).

Seidel & Randel, (2006) presented a global tropopause study using
radiosonde data between 1980 until 2004 with the tropopause height ascending trend
estimated by 64 £ 21m/dec with a temperature decrease of 0.41 + 0.09K/dec. The
subtropics in the southern hemisphere being considered the region indicating the
highest tropopause height increase of 121m/dec and 0.78K/dec. Although the trend
results are lower than those estimated by Seidel & Randel, (2006), the results are
showing agreement, since both represents an increasing tendency, being also in the
subtropical region the greater tendency for tropopause height (42.884m/dec) and
temperature (-0.202K/dec). However the main difference is in the middle latitudes
region where Seidel & Randel, (2006) presented an upward tendency to the
tropopause height and this study was found a tropopause height decrease.

The global study for tropopause height based on CHAMP data (May 2001 to
December 2007, 80 months) Schmidt et al., (2008) found an tropopause height
increase around 39 and 74m/dec, highlighting the subtropical regions where the most
significant increases occurred, only the tropics and middle latitudes regions
presented a negative tendency for tropopause height in those methods used. For this
study, 13.450m/dec were found for the tropopause height demonstrating an increase
in the SA that is in accordance with the global trend by Schmidt et al., (2008). The
results showed the middle-latitudes with a negative height trend (-6.442m/dec) while
Schmidt et al., (2008) has a trend estimated of -24m/dec, although the values found
are different the trend direction are the same in both studies. The main difference in
this comparison is observed in the tropics where Schmidt et al., (2008) estimated a
decrease in the tropopause height and the current results showed an upward trend

for this region.
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There are several studies reporting tropopause regional changes e.g., Khandu
et al., (2011) presented a trend for Australia tropopause height and temperature
using GNSS-RO (2001 to 2008), with an upward estimate 7.2m/dec with only the
middle-latitudes with a negative height trend. In this study, the trend of the height
and temperature of the regional tropopause in SA presented the same sense of
growth found by Khandu et al., (2011), with tropics and subtropics with ascending
values for height and temperature decreases in the tropopause, also only the middle-
latitudes region occurring tropopause height decrease and temperature increase.
This trend results corroborate with previous studies, although with lower values
(13.450m/dec).

Figure 15 shows the tropopause height and temperature variation rate in
South America, obtained from CHAMP, GRACE and COSMIC (May 2001 to
December 2017), the tropopause height variations is expressed by km/year (Fig.
15a) and the tropopause temperature variations in K/year (Fig. 15b). The results of
the two sets (height and temperature) showed an anti-correlation, for example, in the
region where there is tropopause height increase it presents a decrease in
temperature. A large part of South America, presented variations between 0 and
0.1km/year of tropopause height increase with a corresponding tropopause
temperature decrease (0 to - 0.3K/year), which are much higher than the presented
trends on Table 3, probably because the trends are calculated based on the
seasonal mean of anomalies. In spite of presenting higher values than the trends, it
could be concluded that the variation rates (Fig. 15a and 15b) are corroborating with
the tendencies presented in Table 3, e.g., the region with the greatest increase in
height tendency and highest temperature decrease of the tropopause is the

subtropical (20°S - 20°N) and this can be visually noticed in Fig. 15.
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Figure 15 - Tropopause height and temperature variation rate between May 2001 to December 2017.
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The PCA was applied to the time series to analyze the correlation between

teleconnections and tropopause (temperature and height) variability for SA, in this

case the time series (May 2001 to December 2017) was divided into monthly grids in

which the seasonal cycle was removed from each grid cell. Then the PCA was

applied considering the deseasonalized time series to analyze the tropopause

(temperature and height) spatial-temporal variability .Table 4 shows the variability

rate explained by the three main EOFs obtained by PCA, the first two EOFs explain

approximately 85% of the tropopause temperature and height variability.
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Table.4 - The variability explained by the three main EOFs obtained by the PCA applied to the height
and temperature anomalies of the tropopause.

Temperature (%) Height(%)
EOF1 71.58 54.37
EOF2 14.74 31.03
EOF3 7.92 8.26

Source: The Author (2018).

Figure 16 shows the spatial distribution of the 2 main EOFs for temperature,
the first EOF (Fig. 16a) presents 71.57% of the variability with values between -4.2K
and 6.5K, the tropical region presents almost uniform negative temperature
variability, the subtropical region dominates the negative variability with the lowest
values of temperature, while in the middle latitudes the variability is positive and
increasing in the direction of the lower latitudes, this behavior resembles the rates of

variation observed in Fig. 15b.

Figure 16 - The first two EOFs of tropopause temperature (K) anomalies based on GNSS-RO data for
SA.
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The second temperature EOF in Fig. 16b explains an variability of 14.74% with
values between -0.62K and 2.25K, the spatial distribution in the subtropical region
and of the average latitudes resembles that observed in EOF1, however the EOF2,
explains a positive variability in the tropical region, different from that one explained
in EOF1, this is because each EOF is the result of a distinct function applied to the
data, as in that region there are positive and negative rates (Fig. 15b), the EOF1
presented variability negative while the EOF2 presented positive, but since EOF1
explains 71.58% of the variability of the data, the negative variability is the dominant
in the time series.

The EOFs for the tropopause height are shown in Fig. 17, the first EOF (Fig.
17a) explains 54.37% of the tropopause height variability, it is highlighted the
subtropical region with greater positive variability, similar to the behavior of Fig. 15a
for tropopause height annual rate variation. The second EOF explains 31.03% of the
variability (Fig. 17b) and presents an opposite behavior to the EFO1 explaining the
negative anomalies in the subtropical region.

Figure 17 - The first two EOFs of tropopause height (Km) anomalies based on GNSS-RO data for SA.
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The PCs, the main component of each EOFs, represent how the variability
obtained by orthogonal spatial functions behaves throughout the time series. Table 5
presents the Pearson correlation between the PCs obtained from their respective
EOFs and the ocean-atmospheric indexes. For the temperature, PC1 obtained from
EOF1 representing 71.58% of the data variability over the time series, presented a
significant 0.60 correlation with ENSO phenomenon through the ENSO 1+2 index. At
the tropopause height, PC1 was obtained from the EOF1, which represents 54.37%
of the height variability with a correlation of 0.52 with ENSO phenomena through the
ENSO 1+2 index. The other ones indexes presented low correlation as can be
followed in table 5. In order to demonstrate the influence of the ENSO phenomenon
on the tropopause, Fig. 18 shows the temporal distribution of the monthly mean
height and temperature anomalies and the ENSO Nifio 1+2 index for SA between
May 2001 and December 2017.

Table 5 - Pearson's correlation between tropopause height and temperature anomalies and the ocean-

atmospheric indexes.

QBO Nifio 3.4 Nifio 1+2  TNA TSA

PC1 0.11 -0.21 0.52 -0.10 0.09
PC2 0.03 0.07 -0.17 0.07 0.04
Height
PC3 0.09 -0.07 0.31 -0.23 0.07
PC4 -0.04 0.19 0.06 0.00 0.07
PC1 0.11 -0.18 0.60 -0.14 0.08
PC2 -0.07 0.08 0.07 -0.10 -0.04
Temperature
PC3 0.06 -0.17 -0.15 0.08 -0.10
PC4 -0.06 -0.17 -0.38 0.29 -0.13

Source: The Author (2018).
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Figure 18 - Temporal distribution of the mean height and temperature anomalies and the ENSO (Nifio
1+2) for the period of May 2001 to December 2017.
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Source: The Author (2018).
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5 CONCLUSIONS AND RECOMMENDATIONS

This study indicated that the spatial (Fig. 5) and temporal (Fig. 6) distribution
of GNSS-RO over South America provides a significant amount of data that provides
an excellent opportunity to monitor the tropopause over South America. With GNSS-
RO profiles found within a range of 100km and 3 hours from the nearest radiosonde
measurements, it has been shown that GNSS-RO temperature profiles agree with
radiosonde measurements with bias than 1 £ 2K in the region of tropopause. The
best agreements are seen between 10km and 25km in height with measurements
with precision greater than 0.6 £ 2K presented by COSMIC. Thus, the GNSS-RO
atmospheric profiles of the temperatures and heights of the tropopause match well
with those of the radiosonde measurements and may be suitable for use in regional
climate change analysis.

The regional tropopause’ structure (height and temperature trends) was
analyzed using 200 months (May 2001 to December 2017) of CHAMP, GRACE and
COSMIC data, to date the largest time series available. This study shows a growing
trend at the height of the regional tropopause for South America of 13,450m/dec with
a corresponding temperature decrease of -0.021K/dec (see, table 3). This value is
smaller than the increasing estimate of the global tropopause height found Schmidt
et al., (2008) and Seidel & Randel, (2006), but it is necessary to consider the use of
different data sets and time scale. Despite the difference in values, the results
corroborating by indicating an tropopause height trend with a decreasing trend of
temperature throughout the study period. In the study case showed by Khandu et al.,
(2011), although a different tropopause region (Australia) is approached, the results
obtained concur with the same direction for the tropopause (height and temperature)
trend. The analysis of the tropopause over South America provides evidence for
regional warming trends.

The PCA applied in height and temperature anomalies of the tropopause for
SA showed a significant correlation of 0.60 for temperature and 0.52 for height with
the atmospheric phenomenon ENSO through the ocean-atmospheric index ENSO
Nifio 1+2. This result is an indicator of how global teleconnection mechanisms, in this
case the ENSO cold and hot phases, are correlated with tropopause variability in SA.
The Atlantic Ocean indexes (TSA and TNA) and QBO presented a low correlation
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with the height and temperature anomalies of the tropopause for SA, probably
because these indexes are associated with the tropical region and the greater
variability of the SA data occurs in the subtropical region and middle latitudes, to
establish a more detailed analysis of this correlation, in future studies it is
recommended to analyze this correlation in specific regions of SA.

The literature argues that the tropopause height trends are a useful climate
change indicative associated with troposphere and stratosphere temperature
variations. Therefore, having the ability to accurately monitor the tropopause trends
in a suitable spatial and temporal resolution has the potential to provide monitoring
for regional warming. This study provides the ability to perform a tropopause

monitoring using radiosonde observations records of and particularly GNSS-RO.
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