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Abstract. In the last decades, several studies reported the
tropics’ expansion, but the rates of expansion are widely dif-
ferent. In this paper, data of 12 global navigation satellite sys-
tems radio occultation (GNSS-RO) missions from June 2001
to November 2020 with high resolution were used to investi-
gate the possible widening of the tropical belt along with the
probable drivers and impacts in both hemispheres. Applying
both lapse rate tropopause (LRT) and cold point tropopause
(CPT) definitions, the global tropopause height shows an in-
crease of approximately 36 and 60 m per decade, respec-
tively. The tropical edge latitudes (TELs) are estimated based
on two tropopause height metrics, subjective and objective
methods. Applying both metrics, the determined TELs us-
ing GNSS have expansive behavior in the Northern Hemi-
sphere (NH), while in the Southern Hemisphere (SH) there
are no significant trends. In the case of ECMWF Reanaly-
sis v5 (ERAS) there are no considerable trends in both hemi-
spheres. For the Atmospheric Infrared Sounder (AIRS), there
is expansion in the NH and observed contraction in the SH.
The variability of tropopause parameters (temperature and
height) is maximum around the TEL locations in both hemi-
spheres. Moreover, the spatial and temporal patterns of to-
tal column ozone (TCO) have good agreement with the TEL
positions estimated using GNSS LRT height. Carbon diox-
ide (CO;,) and methane (CH4), the most important green-
house gases (GHGs) and the main drivers of global warming,
have spatial modes in the NH that are located more poleward

than that in the SH. Both surface temperature and precipi-
tation have strong correlation with GNSS LRT height. The
surface temperature spatial pattern broadly agrees with the
GNSS TEL positions. In contrast, the standardized precip-
itation evapotranspiration index (SPEI) has no direct con-
nection with the TEL behavior. The results illustrate that
the tropics’ widening rates are different from one dataset to
another and from one metric to another. In addition, TEL
behavior in the NH is different from that in the SH. Fur-
thermore, the variability of meteorological parameters agrees
with GNSS TEL results more than with that of other datasets.

1 Introduction

Several studies have reported a widening of the tropics in ob-
servations, model simulations, and reanalyses. This expan-
sion may lead to profound changes in the global climate sys-
tem; even a minor expansion of the tropical belt would have
significant implications because the shift of the jet streams
and subtropical dry zones toward poles has direct effects
on weather and precipitation patterns. The widening of the
tropical belt is largely considered to be a response to global
warming caused by increased greenhouse gas (GHG) con-
centrations (Davis and Rosenlof, 2012; Davis and Birner,
2013; Staten et al., 2018; Grise et al., 2019; Watt-Meyer et
al., 2019; Meng et al., 2021; Pisoft et al., 2021). The re-
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ported widening rates, in most previous studies, range from
0.25 to 3.0° latitude per decade, and their statistical sig-
nificance varies by a large amount based on the metrics
used to estimate the tropical edge latitude (TEL) as well as
the datasets utilized for its derivation. In addition, the used
metrics may respond in different ways to the force driv-
ing the widening because of their differing physics (Davis
and Rosenlof, 2012). Hudson et al. (2006), based on at-
mospheric ozone concentrations, reported that the Northern
Hemisphere (NH) occupied by the tropical region grew at a
rate of 1° per decade. Using an independent set of satellite-
based microwave observations of atmospheric temperature,
Fu et al. (2006) inferred tropical belt widening for the period
1979-2005. They estimated a net widening of about 2° lat-
itude. Based on radiosonde (RS) and reanalysis data, Seidel
and Randel (2007) reported an expansion of 5-8° latitude
during the period from 1979 to 2005. In addition, Hu and
Fu (2007) found a widening of the tropical Hadley circula-
tion system and estimated its magnitude as 2—-4.5° latitude
during the period from 1979 to 2005. Ao and Hajj (2013)
used GPS radio occultation (RO) data over the period 2002
to 2011 and analyzed them to examine the possible expan-
sion of the tropical belt due to climate change. Their analysis
showed a statistically significant widening trend of 1° per
decade in the NH, while in the Southern Hemisphere (SH)
no significant trend was found.

In astronomy and cartography, the edges of the tropical
belt are the Tropic of Cancer and Tropic of Capricorn, at
latitudes of ~23.5° north and south, where the Sun is di-
rectly overhead at solstice. They are determined by the tilt
of the Earth’s axis of rotation relative to the planet’s orbital
plane, and their locations vary slowly, predictably, and very
slightly by about 2.5° latitude over 40 000 years (Gnanade-
sikan and Stouffer, 2006). In climatology, tropical edges vary
seasonally, interannually, and in response to climate forcing.
They move poleward in the summer and equatorward in the
winter (Davis and Birner, 2013). There are several indica-
tors that define the boundaries of the tropical belt. Generally,
three main classes of metrics are employed to estimate the
tropical belt borders: circulation-based metrics (e.g., based
on the Hadley cells and the subtropical jets), temperature-
based metrics (e.g., based on tropopause characteristics), and
surface climate metrics (e.g., based on precipitation and sur-
face winds) (Waliser et al., 1999). The common metrics used
for TEL determination are discussed in detail in Staten et
al. (2018) and Adam et al. (2018). TELs estimated by ap-
plying different metrics do not all necessarily yield the same
location. Their positions vary by much larger amounts and
much more rapidly and unpredictably than the astronomi-
cally defined tropics (Lee and Kim, 2003).

Study of tropical belt widening is a challenging task due to
the complexity and dynamics of the Earth’s atmospheric sys-
tem and the data limitations. These limitations are the low
spatial resolution of RS data, as they only cover land and
their distribution is not symmetrical in both hemispheres. For
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the satellite remote sensing technologies and model analyses,
both suffer from low vertical resolution. Furthermore, reanal-
ysis trends can be biased to reflect changes in both the quality
as well as quantity of the underlying data, and the expansion
rates computed from different reanalyses were considerably
different (Schmidt et al., 2004; Ao and Hajj, 2013). Nowa-
days, global navigation satellite systems (GNSS) provide an
exceptional opportunity to retrieve land surface and atmo-
spheric parameters globally (e.g., Jin and Park, 2006; Jin and
Zhang, 2016; Wu and Jin, 2014; Jin et al., 2011, 2017), par-
ticularly space-borne GNSS radio occultation (GNSS-RO),
because GNSS-RO has long-term stability and works in all
weather conditions, which makes it a powerful tool for study-
ing climate variability. Since GNSS-RO has uniform global
coverage, it covers all locations even in the polar regions
and oceans, which are blind zones of other detection sys-
tems such as RS and radar. Moreover, GNSS-RO observa-
tions are vertically finer resolved than any of the existing
satellite temperature measurements available for the upper
troposphere lower stratosphere (UTLS), and thus GNSS-RO
is well suited for this challenge. Moreover, it is a key com-
ponent for a broad range of other studies, including equato-
rial waves, Kelvin waves, gravity waves, Rossby and mixed
Rossby—gravity waves, and thermal tides (Bai et al., 2020;
Scherllin-Pirscher et al., 2021). A number of studies con-
firmed the feasibility and excellent eligibility of GNSS-RO
measurements for monitoring the atmosphere and for climate
change detection (Foelsche et al., 2009; Steiner et al., 2011).

Nowadays, GNSS-RO is a valuable remote sounding tech-
nique for the atmosphere. During the GNSS-RO event, the
GNSS satellite transmits signals that are received on board
a low Earth-orbiting (LEO) satellite. Due to the atmospheric
refractivity, these signals suffer time delay and bending. The
atmosphere excess propagation (AEP) is the main observable
and can be calculated with millimeter accuracy, providing
high-quality and global observations (Wickert et al., 2001a).
For instance, the AEP estimate is the basis for extracting
the profiles of bending angle, refractivity, and temperature
(Wickert et al., 2004; Xia et al., 2017). The GNSS-RO tech-
nique was first performed within the US GPS/METeorology
experiment for the period from 1995 to 1997 (Kursinski et
al., 1997). Also, it has been continuously applied on board
various LEO satellite missions since 2001.

These missions are Challenging Mini-satellite Pay-
load (CHAMP) (Wickert et al.,, 2004; Wick-
ert et al., 2001b); Gravity Recovery and Cli-
mate Experiment (GRACE) also Gravity Recov-
ery and Climate Experiment Follow-on (GRACE-
FO) (Wickert et al., 2009); Scientific Applica-
tion Satellite-C/D (SAC-C/D) (Hajj et al., 2004);
TerraSAR-X; TanDEM-X; Constellation Observ-
ing System for Meteorology, Ionosphere, and
Climate (COSMIC/COSMIC-2, also known as
FORMOSAT-3/FO RMOSAT-7); the Meteoro-
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logical Operational satellite Programme-A/B/C
(MetOp-A/B/C); FengYun-3C/D (FY-3C/D) (Sun,
2019); Communications/Navigation Outage Fore-
casting System(C/NOFS); Korea Multi-Purpose
Satellite-5 (KOMPSAT-5); the Indian Space Re-
search Organization spacecraft Ocean Satellite-
2 (OceanSat-2); and Spanish PAZ (peace in
Spanish). A few missions were retired, such
as COSMIC-1, GRACE, CHAMP, and SAC-
C/D, and some missions are completed by
the end of 2020, such as FY-3C, TanDEM-
X/TerraSAR-X, KOMPSAT-5, OceanSat-2, and
C/NOFS. More missions are planned for the fu-
ture like MetOp Second Generation (MetOp-SG),
FengYun-3E/F/G/H (FY-3E/F/G/H), TerraSAR-X
Next Generation (TSX-NG), Jason Continuity of
Service-A/B (JASON-CS-A/B”, also known as
Sentinel 6A/6B), and Meteor-MP N1/N2. By 2025,
the planned missions will provide around 14,700
RO profiles daily (Jin et al., 2013; Oscar, 2020)

In recent years, monitoring the tropopause has received
increased attention for climate change studies. Many stud-
ies signified the tropopause rise as a result of the tropo-
sphere warming caused by the increase in the GHG emis-
sions in the atmosphere (Davis and Rosenlof, 2012; Davis
and Birner, 2013; Staten et al., 2018; Grise et al., 2019;
Watt-Meyer et al., 2019; Meng et al., 2021; Pisoft et al.,
2021). The tropopause characteristics are important for the
understanding of the exchange of the troposphere and strato-
sphere (Holton et al., 1995). In addition, the chemical, dy-
namical, and radiative connections between the troposphere
and stratosphere are crucial for understanding and predict-
ing climate change worldwide. Exchanges of water, mass,
and gases between the troposphere and stratosphere occur
through the tropopause. Several studies have investigated the
tropopause over the tropics using different data types and
have revealed the problem of the TEL shift (Ao and Hajj,
2013; Tegtmeier et al., 2020; Pilch Kedzierski et al., 2020).
GNSS-RO provided high-accuracy remote sensing observa-
tions of the thermal structure of the tropopause and was
used to investigate the trend and variability of the tropopause
(Son et al., 2011). Among the most outstanding advantages
of GNSS-RO is its high accuracy of 0.2-0.5K in estimat-
ing temperature in the UTLS region and its vertical resolu-
tion of 200 m. These advantages make GNSS-RO especially
appropriate for detecting the possible tropical belt widening
based on the height metrics of the tropopause (Kursinski et
al., 1997; Ho et al., 2012). Using tropopause metrics for TEL
determination has many advantages because it can be accu-
rately estimated from remotely sensed temperature profiles
with sufficient vertical resolution, such as GNSS-RO profiles
(Davis and Birner, 2013; Seidel and Randel, 2006).

In this study, we investigate the TEL variability from dif-
ferent sources, mainly GNSS-RO data. In Sect. 2, a descrip-
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tion of the GNSS-RO data and other datasets used in our
study is presented. In addition, the methods to derive TEL
and the data analysis are presented. Section 3 describes and
discusses the results of the analysis, and our conclusion and
summary are given in Sect. 4.

2 Data and methods
2.1 Data

In this study we employ the following datasets.

— The main data used in this study are GNSS-RO at-
mospheric profile data from 12 LEO missions from
June 2001 to November 2020. The data (CDAAC, 2021)
are available at the COSMIC Data Analysis and Archive
Center (CDAAC). The GNSS-RO data availability and
their time span are shown in Fig. 1.

— ERAS is the fifth-generation ECMWF reanalysis for
the global climate and weather. Monthly averaged tem-
perature data on pressure levels from ERAS that pro-
vide global coverage for the period from June 2001
to November 2020 are used to calculate the LRT
tropopause height and temperature. The horizontal res-
olution of the ERAS data is 0.25° x 0.25°, while the ver-
tical coverage covers from 1000 to 1 hPa, with a vertical
resolution of 37 pressure levels (Hersbach et al., 2019a).

— The Atmospheric Infrared Sounder (AIRS) is the spec-
trometer on board the second Earth Observing System
(EOS) polar-orbiting platform, Aqua. In combination
with the Advanced Microwave Sounding Unit (AMSU),
AIRS constitutes an innovative atmospheric sound-
ing instrument with infrared and microwave sensors.
LRT height and temperature data provided by AIRS
(AIRX3STM v7.0) are provided monthly and have
global coverage, with a horizontal resolution of 1° x 1°
(Aumann et al., 2003; AIRS, 2019a). In this study we
use data for the period from September 2002 to Novem-
ber 2020. The data are available at AIRS (2019a).

— The Modern-Era Retrospective analysis for Research
and Applications version 2 (MERRA-2) provides to-
tal column ozone (TCO) at a global scale, monthly,
and with a spatial resolution of 0.5° x 0.625°. In this
work, we use data from June 2001 to November 2020.
The data are to be compared with the LRT height from
GNSS-RO. In addition, TCO can provide information
about the tropics’ behavior and can help in emphasizing
the GNSS-RO outputs (GMAO, 2015).

— CarbonTracker is a carbon dioxide (CO;,) measurement
and modeling system developed by NOAA Earth Sys-
tem Research Laboratories (ESRL) to keep track of CO;
sources and sinks throughout the world. Monthly col-
umn average CO, data with a global coverage from
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Figure 1. GNSS-RO data used in this study.

June 2001 to March 2019 are used in this study (Jacob-
son et al., 2020). The data have a spatial resolution of
2° x 3°. Here we use these data to study the behavior
and trend of CO,, which is the most important GHG
and the largest forcing component in climate change.

— AIRS provides monthly measurements of methane
(CHy4) at 24 pressure levels and a spatial resolution of
1° x 1° (AIRS, 2019b). We employ data from Septem-
ber 2002 to November 2020. CHy plays a crucial role in
global warming as it is one of the main GHGs that drive
long-term climate change.

— Global monthly average surface temperature data from
ERADS reanalysis have a horizontal resolution of 0.25° x
0.25° (Hersbach et al., 2019b). In this study we utilize
data from June 2001 to November 2020. The purpose of
using these data is to study the impacts of the variability
in the tropics on the global climatological parameters.

— Monthly average precipitation data are available from
the Global Precipitation Climatology Project (GPCP) at
a horizonal resolution of 2.5° x2.5° (Adler et al., 2016).
We use data from June 2001 to November 2020. The
purpose of these data is to investigate the relation be-
tween the tropical belt width and the corresponding pre-
cipitation pattern.

— Precipitation and potential evapotranspiration (PET):
global monthly average precipitation and PET at a hor-
izontal resolution of 0.5° x 0.5° are available from the
Climatic Research Unit (CRU) Time-Series (TS). These
data are employed to compute the SPEI, the meteoro-
logical drought index. We utilize data from June 2001
to November 2020. The data are available in Harris et
al. (2020). The SPEI drought index was calculated fol-
lowing the indications of Vicente-Serrano et al. (2010)
and Begueria et al. (2013).
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2.2 Methods

Due to the use of 12 GNSS-RO missions together in our
analysis, we compared the different missions’ profiles to
investigate the consistency between data from different
sources. After that, the GNSS-RO temperature profiles with
a uniform coverage worldwide were used to calculate the
tropopause height and the tropopause temperature based
on both tropopause definitions LRT and CPT. According
to the definition of the World Meteorological Organization
(WMO), “The thermal LRT is defined as the lowest level at
which the lapse rate decreases to 2 °C/km or less, provided
also the average lapse rate between this level and all higher
levels within 2 km does not exceed 2 °C/km” (WMO, 1957),
while the CPT is indicated by the minimum temperature in a
vertical profile of temperature (Holton et al., 1995). Here, in
order to avoid outliers, the tropopause height values of both
definitions are limited between 6 and 20 km. The results of
LRT and CPT are subsequently gridded into 5° x 5°. Finally,
the spatial and temporal variability of all climatic parame-
ters is investigated using the principal component analysis
(PCA) technique (Calabia and Jin, 2016, 2020). This tech-
nique provides a new set of modes that provide the variance
through a linear combination of the original variables, based
on eigendecomposition. The solution is a couple of matrices
containing the eigenvalues and corresponding eigenvectors
of the initial dataset. Each eigenvector is regarded as a map,
the eigenvalues provide the percentage of the contribution to
the total variability, and the temporal coefficients are used to
represent the maps at a given epoch. The first PCA mode has
the largest variance, and the following modes represent the
next level of variance, which usually is a residual variability.
For this reason, since the variability of the variables used in
this study is mainly driven by the annual variation, we only
employ the first PCA component for each case.
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The locations of TELs are estimated from the monthly
zonal average of LRT height derived from GNSS-RO, ERAS,
and AIRS data. The ERAS and AIRS tropopause parame-
ters are resampled at the same resolution of GNSS-RO. The
zonal average LRT height is spline interpolated as a function
of latitude (Ao and Hajj, 2013), and the TEL is determined
in each hemisphere using two tropopause height metrics. The
first method relies on a subjective criterion: according to the
first method TEL is defined as the latitude at which the LRT
height falls 1.5 km under the tropical average (15° S—15°N)
LRT height (Davis and Rosenlof, 2012). The second method
is an objective criterion, in which the TEL is defined as the
latitude of the maximum LRT height meridional poleward
gradient (Davis and Rosenlof, 2012). Moreover, the rate of
expansion and/or contraction of the tropical belt is estimated
from both calculation methods, in each hemisphere, indepen-
dently. In addition, the trend and spatial-temporal variability
of CO;, and CHy, as important drivers of global warming,
are investigated. Furthermore, the trend and spatial-temporal
pattern of TCO that give information about the tropical belt
width are investigated. Finally, we broadly examine the sur-
face temperature, precipitation, and drought trends as mete-
orological parameters which may have a changing behavior
as a response to the tropics’ expansion.

3 Results and analysis
3.1 Assessment of GNSS-RO temperature profiles

In several previous studies, multiple GNSS-RO missions
were utilized together for the purpose of obtaining high spa-
tial resolution. In addition, the assessment of using differ-
ent GNSS-RO missions together showed a high level of con-
sistency (Hajj et al., 2004; Li et al., 2017; Tegtmeier et al.,
2020; Xian et al., 2021). In our study, the atmospheric pro-
files, from all used GNSS-RO missions, are compared to-
gether to signify the high level of consistency and compat-
ibility between RO missions available on the CDAAC web
and the ability to merge them together in our study as a sin-
gle dataset. COSMIC mission profiles are used as a fixed
member in the intercomparison of all utilized RO missions
as they are the most abundant regarding profile density, and
their time span overlaps with all other missions. The results
of the conducted intercomparison show high agreement and
consistency between profiles of collocated pairs (Fig. 2). Ta-
ble 1 demonstrates the results of the collocated GNSS profile
pairs. The correlation coefficient between the collocated pro-
file pairs ranges from 0.97 to 0.99, and the temperature mean
difference ranges from 0.1 to 0.5 K.

3.2 Tropopause characteristics from GNSS-RO

Figure 3 shows the global parameters of GNSS LRT and CPT
from June 2001 to November 2020. As is clear in Fig. 3, the
CPT height is always higher than that of LRT. The mean dif-
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Table 1. Intercomparison of collocated GNSS profile pairs.

Mission Correlation Mean
coefficient  difference

(k)

a. COSMIC — CHAMP 0.99 0.5
b. COSMIC - SAC-C 0.99 0.2
¢. COSMIC - C/NOFS 0.99 0.32
d. COSMIC - GRACE 0.99 0.1
e. COSMIC — MetOp-A 0.99 0.28
f. COSMIC — TerraSAR-X 0.98 0.22
g. COSMIC — KOMPSATS 0.97 0.13
h. COSMIC - MetOp-B 0.99 0.14
i. COSMIC - MetOp-C 0.99 0.47
j. COSMIC - PAZ 0.98 0.33
k. COSMIC - TanDem-X 0.99 0.47

ference between them is about 2.62 km, and there is a cor-
relation of about 0.66 between LRT and CPT height. Previ-
ous studies have reported that the average of CPT height is
between 0.5 and 1km higher than the LRT height average
(Munchak and Pan, 2014). The LRT temperature is higher
than that of the CPT. The mean difference between them is
about 4.02 K, and the correlation coefficient between them
is 0.61. Our results are consistent with previous studies that
displayed a global increase in the tropopause height from ra-
diosonde observations (Seidel and Randel, 2006) and reanal-
ysis (Santer et al., 2004).

Our analysis shows a global increasing trend of LRT
height of 36 m per decade since 2001, and this has good
agreement with that of Schmidt et al. (2008), which showed
an upward trend of global LRT height of 39-66m per
decade. The LRT temperature shows an increase of 0.09 K
per decade. For the LRT definition, the correlation coefficient
between the LRT height and temperature is —0.78. In the
case of CPT definition, the global trend of CPT height has
increased by 60 m per decade since 2001, but that of CPT
temperature has decreased by 0.09 K per decade. The corre-
lation coefficient between the CPT height and temperature is
—0.82.

3.3 Comparison between GNSS, ERAS, and AIRS

In this study, TEL in each hemisphere is estimated from the
monthly zonal average tropopause height retrieved from the
LRT definition. This is done because the LRT represents the
location of the point of thermal transition between the tropo-
sphere and stratosphere. Furthermore, it reacts to both tropo-
spheric and stratospheric temperature changes. Many studies
(Seidel and Randel, 2006; Santer et al., 2004) have shown
that LRT height is a good climate change indicator. Figure 4
shows the LRT height values derived from GNSS, ERAS,
and AIRS. In general, AIRS shows the highest values of
LRT height, while GNSS shows the lowest values. The trends
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Figure 3. The LRT and CPT (a) height and (b) temperature are shown from 2001 to 2020.

show that ERAS data have the highest increasing rate of LRT
height, being 48 m per decade since June 2001. In contrast,
AIRS has the lowest rates for LRT height, showing an in-
crease of 12 m per decade since September 2002.

The zonal means of LRT height for the three datasets dur-
ing January, April, July, and October of 2008 are shown in
Fig. 5. In January 2008, the high LRT covered higher lati-
tudes in the SH than in the NH. The opposite occurs in July.
In April 2008, the high LRT covered similarly in both hemi-
spheres. In October, the area covered with a high tropopause
in the NH is larger than that of the SH but not as wide as
the coverage in July. This suggests that the warmer the air,
the wider the area covered with a high tropopause. As stated
in Sect. 2, the TELs in the NH and SH have been estimated
by applying two tropopause height metrics. The results are
discussed in detail in the following.

3.3.1 Subjective criterion for TEL

According to the subjective criterion (Davis and Rosenlof,
2012), the TEL in each hemisphere is the latitude at which
the tropopause height is 1.5km under the tropical average

https://doi.org/10.5194/angeo0-40-359-2022

tropopause height (15° S—15° N). As shown in Fig. 6 and Ta-
ble 2, the tropical belt based on GNSS has expanded by 0.41°
per decade in the NH and by 0.08° per decade in the SH
since 2001. Using GNSS-RO data, the tropical belt expan-
sion trends in the NH and SH agree with the results of Ao
and Hajj (2013). According to Meng et al. (2021), the high-
est trend of LRT height covers the latitudinal band from 30
to 40° N, and this is possibly caused by the tropical widen-
ing and subtropical jet poleward shift over the past 4 decades
(Staten et al., 2018), and this corresponds to our study’s find-
ings. In the case of ERAS, there is no significant expansion
or contraction in both hemispheres, while AIRS has an ex-
pansion of about 0.34° per decade in the NH and a strong
contraction of about —0.48° per decade in the SH.

3.3.2 Objective criterion for TEL

According to the objective criterion (Davis and Rosenlof,
2012), TEL in each hemisphere is the latitude of the maxi-
mum poleward gradient of tropopause height. As shown in
Fig. 7 and Table 3, the tropical belt based on GNSS has ex-
panded by about 0.13° per decade in the NH since 2001,

Ann. Geophys., 40, 359-377, 2022
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Figure 5. Monthly zonal average LRT height from GNSS, ERAS, and AIRS.

but there is no significant expansion or contraction in the
SH. In the case of ERAS, there is no significant trend in
the NH, while the SH has a minor contraction of approxi-
mately —0.08° per decade. AIRS has an expansion of 0.13°
per decade in the NH and strong contraction in the SH of
—0.37° per decade. It is clear from these results that the rates
of expansion and contraction using the objective criterion are
less than that of the subjective criterion, while in the case of
the objective method, TELs are located more poleward than
that of the subjective method.

Ann. Geophys., 40, 359-377, 2022

3.4 Spatial and temporal variability of LRT

In this section, the GNSS LRT height and temperature be-
tween 50° N and 50° S are investigated (Fig. 8). In the NH,
the LRT height has increased by about 48 m per decade
since 2001, and this is consistent with the results of Meng et
al. (2021), which show an increase in LRT height of around
44.4 m per decade over 20 to 80° N for the period from 2001
to 2020. In contrast, LRT height in the SH shows a slight de-
crease of —2.4 m per decade. Regarding LRT temperature, it
has increased by about 0.21 K per decade in the NH and by
0.34 K per decade in the SH. Both hemispheres’ LRT temper-
ature time series show increasing rates higher than the global
one of 0.09K per decade. Figure 8 also shows the tempo-

https://doi.org/10.5194/angeo-40-359-2022
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Table 2. Tropical belt expansion and contraction rates based on a subjective criterion.

Source  Duration NH ‘ SH

GNSS Jun 2001-Nov 2020 041 +0.09 0.08 +0.04
ERAS Jun 2001-Nov 2020 —0.01 +0.1 —0.04 +£0.05
AIRS Sep 2002—-Nov 2020 034 +0.11 | —048 =+0.05
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Figure 6. TEL using a subjective criterion for the (a) NH and (b) SH.

ral and spatial variability given by the first PCA (PCAl).
The temporal variability for LRT height captures 22.79 %
of the total variance. For the LRT temperature, PCA1 cap-
tures 13.47 % of the total variability. These values are rela-
tively small, showing that the variability spreads along lower-
degree PCA modes. We can clearly see the annual forcing.
The spatial variability shows similar patterns for LRT height
and temperature. The signal in the NH is stronger and wider
than that in the SH.

3.5 TCO, carbon dioxide (CO3), and methane (CHy4)
Figure 9 shows that, since 2001, TCO has had a global in-

crease of 0.7 DU per decade. TCO has a strong negative cor-
relation of —0.64 with the LRT height. This corresponds to

https://doi.org/10.5194/angeo0-40-359-2022

the results of previous work which clarified that the TCO pat-
tern is inversely proportional to tropopause height and can
give indications about the tropical belt width (Hudson et al.,
2003, 2006; Hudson, 2012; Davis et al., 2018). TCO has in-
creased by 0.06 and 1.05 DU per decade in the NH and SH,
respectively. Shangguan et al. (2019) reported asymmetric
trends of ozone in the midlatitudes of both hemispheres in the
middle stratosphere, with considerable ozone decrease in the
NH and ozone increase in the SH. In our results, the PCA1
of TCO represents 66.68 % of the total variability. The spa-
tial map of PCA1 shows a stronger signal in the NH than that
in the SH. The NH signal is located more poleward than that
of the SH. Comparisons with GNSS-RO LRT height spatial
and temporal patterns suggest the TCO expansion in the NH

Ann. Geophys., 40, 359-377, 2022
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Table 3. Tropical belt expansion and contraction rates based on an objective criterion.

Source  Duration NH ‘ SH

GNSS Jun 2001-Nov 2020 0.13 +0.1 | —0.03 #£0.06

ERAS Jun 2001-Nov 2020 —0.06 +0.1 —0.08 +0.06

AIRS Sep 2002—-Nov 2020 0.13 +£0.04 | —0.37 =+£0.06
TEL NH
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Figure 7. TEL using an objective criterion: (a) NH and (b) SH.

and a weak expansion or non-significant contraction in the
SH.

Several studies signified an increase in the tropopause
height as a result of the tropospheric warming caused by
the rise of the GHG concentrations in the atmosphere (Meng
et al., 2021; Pisoft et al., 2021). CO; is the most important
GHQG, and it is considered a main driver of global warming.
The time series of the CO; is shown in Fig. 9. In this fig-
ure, we can see that CO; has had an increase of 21.38 ppm
per decade since 2001. It has a correlation of —0.05 with
GNSS LRT height. The CO; column average in both the NH
and SH has the same increasing rate of 21.6 ppm per decade.
This is higher than the global rate. The CO; standard devia-
tion (SD) in the NH is 11.38, which is higher than that of the

Ann. Geophys., 40, 359-377, 2022
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SH, 10.90. The temporal variability given by PCA1 captures
77.64 % of the total variability. PCA1 shows an increasing
trend and large variability with time. The map of PCA1 vari-
ability shows a shift toward the North Pole. This seems to
be related to the coverage of the tropical belt; i.e., the TEL
occurrence in the NH is more poleward than that of the SH.
CHy is one of the main GHGs, and it is considered a long-
term driver of climate change. The global time series of the
CHy column average (Fig. 9a) shows an increasing trend of
39 ppb per decade since 2001. This variable has a correlation
of 0.23 with GNSS-RO LRT height. CH4 column averages in
both the NH and SH show equal increasing trends of 46.8 ppb
per decade. This is higher than the global rate. The CH4 SD
in the NH is similar to that in the SH, 25.91. The temporal

https://doi.org/10.5194/angeo-40-359-2022
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Figure 8. GNSS-RO-based LRT height (left) and temperature (right). In (a) temporal time series and (b) temporal variability given by PCA1,

and (c) spatial variability map given by PCAI.

variability of PCA1 captures 40.65 % of the total variability.
It shows a non-significant trend, but its range increases with
time. The map of PCA1 shows a more poleward signal in
the NH than its equivalent in the SH. The NH signal reaches
30° N, while the SH signal does not reach the limit of 30° S.
This is clearly in line with the GNSS TEL results, showing
that the tropical condition in the NH covers a wider area than
that in the SH.

3.6 Surface temperature and GPCP precipitation

Many studies revealed the relationship of the surface tem-
perature with the tropopause height and tropical belt expan-
sion. Thuburn and Craig (1997, 2000) found the simulated
tropopause height to be sensitive to the surface tempera-
ture. Figure 10 shows that the global surface temperature
has increased by 0.3 K per decade since 2001. A clear cor-
relation between the surface temperature and the GNSS-RO
LRT height is seen, with a value of 0.81. The surface tem-
perature in both the NH and SH shows increasing trends of
0.23 and 0.18 K per decade, respectively. The surface tem-
perature in the NH has an SD of 3.5, while that of the SH
has an SD of 1.5. PCA1 captures 84.41 % of the total vari-
ance. PCA1 shows an increasing trend and amplitude with

https://doi.org/10.5194/angeo0-40-359-2022

time. The PCA1 map has a signal in the SH weaker than
that in the NH. The results of surface temperature agree with
that of the GNSS-RO TEL. For instance, the NH shows ex-
pansive behavior more than that in the SH, which shows
a minor expansion using a subjective criterion and a non-
significant contraction applying the objective criterion. Gao
et al. (2015) signified that the correlation coefficient between
global tropopause height anomalies and the Nifio 3.4 sea
surface temperature index is 0.53, with a maximum corre-
lation coefficient of 0.8 at a lag of 3 months. Fomichev et
al. (2007) also found that an increase in sea surface tem-
perature resulted in a tropopause height increase in a cou-
pled chemistry climate model simulation. Hu and Fu (2007)
suggested that an increase in sea surface temperatures in the
tropics could result in an increase in the tropopause height
and a wider Hadley circulation (tropic width). In addition,
our results support surface temperature as a proposed driver
for tropic expansion (Allen et al., 2012a; Adam et al., 2014).

The precipitation spatial and temporal variability is inves-
tigated to examine the impacts of the TEL variability on
the precipitation behavior. The GPCP precipitation has had
a global decrease of —0.04 mm per decade since 2001. The
precipitation behavior has a strong correlation of 0.61 with
the GNSS LRT height. The GPCP precipitation in the NH

Ann. Geophys., 40, 359-377, 2022
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Figure 10. Surface temperature (left) and GPCP precipitation (right). (a) Global time series against LRT height; (b) temporal time series in
the NH and SH; (c) temporal variability given by PCA1; (d) spatial variability map given by PCA1.

shows a minor decreasing trend of —0.02mm per decade;
meanwhile, the SH shows a significant decreasing trend of
—1.3 mm per decade. The precipitation in the NH has an SD
of 15.84, and the SH has an SD of 16.47. PCA1 captures
29.30 % of the total variability. PCA1 has an upward trend
and amplitude with time. The PCA1 map shows a pattern in
the NH that is stronger and more poleward than that in the
SH. The precipitation can be used as an independent met-
ric in signifying the TEL locations. Many studies rely upon
surface-based variables to investigate tropical widening, us-
ing the GPCP monthly dataset to examine shifts in the posi-
tions and boundaries of the subtropical dry zones (Hu et al.,
2010; Zhou et al., 2011; Allen et al., 2012b).
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3.7 Standardized precipitation evapotranspiration
index (SPEI)

The tropical belt widening would contribute to increasing the
midlatitude drought frequency in both hemispheres (Hu and
Fu, 2007; Fu et al., 2006; Seidel et al., 2007). The SPEI is
usually employed to monitor the meteorological drought sta-
tus. As is clear in Fig. 11, the SPEI has had a global increase
of 0.056 per decade since 2001. The NH shows an increase
of 0.035 per decade, and the SH has a decrease of —0.005 per
decade. The SPEI has no correlation with GNSS LRT height
—0.002. Because the study area is wide and extends through
many continents, the SPEI, in our study, only provides infor-
mation about the dry and wet conditions. Figure 11 shows
the spatial pattern of SPEI in September 2019 and the areas
by category of no-drought, moderate, severe, and extreme.

Ann. Geophys., 40, 359-377, 2022
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0-50° N and 0-50° S. On the right, (a) SPEI drought index in September 2019 and (b) SPEI drought categories in September 2019.

Figure 12 shows the number of cells covered with drought,
and its corresponding classification is from Fig. 11. The total
number of cells covered with drought in the NH nearly dou-
bles its value in the SH. Both hemispheres have a decreasing
trend of the number of cells covered with drought. The de-
crease rate is 510 cells per decade in the NH and 373 cells
per decade in the SH. The drought does not show any spatial
pattern associated with the locations of TELs.

4 Conclusions

The GNSS-RO is a well-established technique to derive at-
mospheric temperature structure in the UTLS region. In this
study, GNSS-RO data of 12 RO missions are combined to-
gether to examine the possible tropical belt expansion. The
intercomparison of GNSS-RO profiles of the different uti-
lized RO missions shows a high level of consistency to be
employed together in our analysis. GNSS-RO profiles are
employed to derive tropopause height and temperature based
on LRT and CPT definitions. The tropopause height is a key
element in climate change research because its variability has
a correlation with the global warming phenomenon (Santer
et al., 2003; Sausen and Santer, 2003; Seidel and Randel,
2006; Mohd Zali and Mandeep, 2019). Our analyses show
that GNSS LRT and CPT heights have increased by 36 m per
decade and 60 m per decade, respectively, since June 2001.
There is a high correlation between the tropopause height
and temperature, being —0.78 and —0.82 for LRT and CPT,
respectively. The LRT height from ERAS shows an increase
of 48 m per decade since June 2001, and that derived from

Ann. Geophys., 40, 359-377, 2022

AIRS has had a smaller increasing rate of 12m per decade
since September 2002.

In most of the previous studies, the reported tropical
widening rates range from 0.25 to 3.0° latitude per decade,
and their statistical significance varies by a large amount
based on the metrics used to estimate the TEL as well as
the datasets utilized for its derivation (Davis and Rosenlof,
2012). In our study, the TEL in each hemisphere is esti-
mated using two tropopause height metrics. Applying the
first method, the subjective criterion, there are higher expan-
sion and contraction rates than that from the second method,
the objective criterion. While using the objective criterion,
the locations of TELs in both hemispheres are more poleward
than those from the subjective criterion. Based on the subjec-
tive method, tropical width results from GNSS-RO have an
expansive behavior in the NH of about 0.41° per decade and a
minor expansion trend in the SH of 0.08° per decade. ERAS
has non-significant contraction in both hemispheres. In the
case of the AIRS data, there is a clear expansion behavior in
the NH of about 0.34° per decade and a strong contraction in
the SH of about —0.48° per decade. Based on the objective
method, GNSS-RO has an expansive behavior in the NH of
about 0.13° per decade, but there is no significant expansion
or contraction in the SH. For ERAS, there is no significant
trend for the TEL results in the NH, while there is a minor
contraction of about —(0.08° per decade in the SH. The AIRS
data show an expansion in the NH of 0.13° per decade and
a strong contraction in the SH of —0.37° per decade. Re-
sults of several studies, based on different datasets and met-
rics, show an expansive behavior of the tropical belt in the
NH higher than that of the SH, and this broadly agrees with

https://doi.org/10.5194/angeo-40-359-2022
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Figure 12. Number of cells covered with drought in (a) the NH and (b) the SH.

our GNSS-RO-based results (Hu and Fu, 2007; Archer and
Caldeira, 2008; Hu et al., 2010; Zhou et al., 2011; Allen et
al., 2012b). From all the datasets, the TEL is located more
poleward in the NH than in the SH. For both the subjec-
tive and objective methods, the TELs reach the latitudes of
44.75 and 46.75° N, respectively, in the NH. Meanwhile, in
the SH the TELs reach the latitudes of 42 and 44.75° S for
the subjective and objective methods, respectively. In both
hemispheres, the variability of tropopause parameters (tem-
perature and height) is maximum around the TEL locations.

The TCO shows increasing rates globally. The rate in the
SH is higher than that of the NH. The ozone variability agrees
well with the spatial and temporal modes of TELs estimated
from GNSS-RO LRT height, and this supports GNSS-RO
TEL estimates over those of ERAS and AIRS. In addition,
CO; and CHy, as the main GHGs responsible for global
warming, concentrations increase cause a tropopause height
rise (Meng et al., 2021; Pisoft et al., 2021). In our analy-
sis, both CO; and CH4 show a global increasing rate. Their
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upward trends in the NH and the SH are nearly the same.
The patterns of TCO and CO; display good agreement with
the TEL locations in the NH and SH. They show more pole-
ward occurrence with time, and their variability in the NH is
higher than that of the SH. In addition, CH4 has a signal in
the NH that occurs more poleward than that in the SH. The
surface temperature and precipitation both increase with time
and have a strong correlation with LRT height. Both variables
show an increasing rate in the NH higher than in the SH. The
surface temperature shows a strong spatial variability pattern
that broadly agrees with the TEL locations from GNSS-RO.
The spatial pattern of precipitation shows a northward orien-
tation. The SPEI meteorological drought index shows an in-
creasing rate globally. It has an upward trend in the NH while
having a decreasing trend in the SH. Since the SPEI is multi-
variate, it has no direct response to the TEL behavior. In both
hemispheres, the number of cells covered with drought has
decreased since 2001. It can be concluded that the tropical
belt widening rates are different from one dataset to another
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and from one metric to another. In addition, TEL behavior
in the NH is different from that of the SH. Furthermore, the
variability of meteorological parameters agrees with GNSS
TEL results more than with that of other datasets. The study
results signify the importance of monitoring the tropopause
and TEL parameters, which can accurately indicate the cli-
mate variability and climate change globally.

Code and data availability. GNSS-RO data used in this paper are
available at CDAAC archive (https://cdaac-www.cosmic.ucar.edu/,
CDAAC, 2021). ERAS data are publicly available at cli-
mate data store (https://cds.climate.copernicus.eu, last access:

15 May 2021; https://doi.org/10.24381/cds.6860a573, Hers-
bach et al, 2019a; https://doi.org/10.24381/cds.f17050d7,
Hersbach et al., 2019b). 1In addition, MERRA-2
(https://doi.org/10.5067/SESKGQTZG7FO, GMAO, 2015)

and AIRS (https://doi.org/10.5067/UBENJBOD3T2H, AIRS,
2019a; https://doi.org/10.5067/KUCS55JEVO1SR, AIRS,
2019b) datasets were obtained from Goddard Earth Sci-
ences Data and Information Services Center (GES DISC)
(https://disc.gsfc.nasa.gov, last access: 17 January 2021).
CO, data were acquired from NOAA Earth System Research
Laboratories (ESRL) (https://doi.org/10.25925/20201008,
Jacobson et al.,, 2020). GPCP data were downloaded from
https://www.ncei.noaa.gov/access (last access: 15 March 2021;
https://doi.org/10.7289/V56971M6, Adler et al., 2016). CRU data
are accessed from https://crudata.uea.ac.uk/cru/data/hrg/ (Harris et
al., 2020). The package used for SPEI computation is free available
at https://cran.r-project.org/web/packages/SPEI (Vicente-Serrano
et al., 2010; Begueria et al., 2013).
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