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Abstract: The tropopause is described as the distinction between the troposphere and the stratosphere,
and the tropopause height (TPH) is an indicator of climate change. GNSS Radio Occultation (RO) can
monitor the atmosphere globally under all weather conditions with a high vertical resolution. In this
study, four different techniques for identifying the TPH were investigated. The lapse rate tropopause
(LRT) and cold point tropopause (CPT) methods are the traditional methods for determining the TPH
based on temperature profiles according to the World Meteorological Organization (WMO) definition.
Two advanced methods based on the covariance transform (CT) method are used to estimate the TPH
from the refractivity (TPHN) and the TPH from the bending angle (TPHα). Data from the Sentinel-6
satellite were used to evaluate the different algorithms for the identification of the TPH. The analysis
shows that the CPT height is greater than the LRT height and that the CPT is only valid in tropical
regions. The CPT height, TPHN, and TPHα were compared with the LRT height. In general, the
TPHα had the largest value, followed by the TPHN, and the LRT had the lowest value of TPH at and
near the equator. In the equatorial region, the maximum TPH results from the TPHα (approximately
17.5 km), and at the poles, the minimum TPH results from the LRT (approximately 9 km). The results
were also compared with the European Center for Medium-Range Weather Forecasts (ECMWF), and
there was a strong correlation of 0.999 between the different approaches for identifying the TPH from
RO and the ECMWF model. The identification of the TPH is critical for the transfer of mass, water,
and trace gases between the troposphere and stratosphere.

Keywords: GNSS radio occultation; cold point; Sentinel-6; lapse rate; tropopause

1. Introduction

The tropopause is the distinction between the troposphere and the stratosphere. The
tropopause height (TPH) is essential for the investigation of the stratosphere–troposphere
exchange and studies on atmospheric circulation and climate change [1–4]. The TPH is
an important indicator of climatic variability [4–9]. The tropopause allows for the transfer
of mass, water, and trace gases between the troposphere and stratosphere [5]. Moreover,
the stratosphere–troposphere exchange is closely correlated with tropopause parameters
such as height, pressure, and temperature [10]. Additionally, the tropopause serves as
the upper limit for the integration of tropospheric parameters in physics and chemistry,
including tropospheric temperature [11] and tropospheric column ozone [12]. The TPH
can be determined from the use of radiosonde data [7,13–15] or from Global Navigation
Satellite System (GNSS) radio occultation (RO) data from different satellites [5,16–25].
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GNSS RO has a high vertical resolution with global coverage under all weather condi-
tions [26,27]. GNSS is a promising remote sensing technique for studying the atmosphere
compared to other traditional methods, such as radiosondes and forecast models. Despite
the high vertical resolution of radiosonde measurements, they cannot achieve global cover-
age, and low vertical resolution is a problem with forecast models [13]. This shortcoming in
radiosonde and forecast models can be replaced by GNSS RO. For TPH research, the GNSS-
RO temperature profiles are particularly helpful because of their high vertical resolution of
100 m in the upper troposphere and lower stratosphere [28].

GNSS RO is an active remote sensing technique for retrieving atmospheric parameters.
The transmitted GNSS signals are refracted while passing through the atmosphere before
being received by Low-Earth Orbit (LEO) receiver satellites. From the precise positions
and velocities of the GNSS satellites and LEO satellite, the bending angle (BA) is estimated
from the excess phase [29]. Above 25 km, the BA is estimated using the geometric optics
method, while below 25 km, the wave optics method is used to determine the BA during
processing in the Radio Occultation Processing Package version 9 (ROPP V.9) [30–32].

The BA contains atmospheric information through a ray path. The BA is transformed
into refractivity (N) using the inverse Abelian transformation based on the assumption of
spherical symmetry, i.e., refractivity only varies vertically and is locally homogeneous hori-
zontally. The temperature profile was extracted from the N profile under the assumption of
hydrostatic equilibrium [33,34]. The geometry of GNSS RO is depicted in Figure 1.
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In this study, four different techniques are discussed to determine the TPH from GNSS
RO. The TPH was estimated from the lapse rate, cold point, N, and BA. By examining the
temperature profile obtained from the processing of GNSS RO data, the inflection point in
the temperature profile was defined as the lapse rate tropopause (LRT) based on the World
Metrological Organization (WMO 1957 definition [35]. The LRT method is widely used
because it is a simple and easy method to apply to the temperature profile generated from
GNSS RO data or radiosondes [20,22,23,36].

Seidel et al. [7] estimated the global TPH from radiosonde data using the lapse rate
tropopause method. Nishida et al. [17] determined the TPH from Global Positioning System
(GPS)/Meteorology (MET) data using the LRT method. Zhran and Mousa [22] estimated
the global TPH using the LRT method from Meteorological Operational Polar Satellite
(MetOp) data. Liu et al. [23] identified the TPH from the FengYun 3 series C satellite
(FY-3C) data using the LRT method. Schmidt et al. [21] determined the global TPH from the
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Challenging Minisatellite Payload (CHAMP) satellite data and the U.S.-Argentinian Satelite
de Aplicaciones Cientificas-C (SAC-C) data using the LRT method. The lowest value in
the temperature profile serves as the cold point tropopause (CPT) definition. The TPH,
based on the CPT definition, is recommended for the investigation of the cross-tropopause
flow of water vapor in the tropics [37]. Schmidt et al. [5] determined the TPH using both
LRT and CPT definitions from the CHAMP satellite and discovered that the tropical LRT
height fluctuated between 16.5 and 16.8 km, and that the CPT height across the tropics
(10◦N to 10◦S) was longitudinally constant at 17.0 km. The CPT height is on average
400 m higher than the LRT height. Using 83 radiosondes launched in locations within the
tropics (30◦S to 30◦N), Seidel et al. [38] found that the annual mean zonal mean CPT height
was relatively constant across latitudes at ~16.9 km, and the annual mean zonal mean
LRT height varied from ~16.5 km in the deep tropics to less than 16 km in the subtropics,
implying a latitude-dependent separation between the two tropopauses of 500 m to 1 km.

For the GNSS RO data, estimating the TPH from the lapse rate requires some as-
sumptions, such as dry air and a priori knowledge of the hydrostatic equation integration.
Identifying the TPH from the BA is superior, such that there is no need for the hydrostatic
equilibrium assumption. The BA is the primary core of the GNSS RO data. The BA can also
be determined indirectly from radiosonde data and daily operational forecast data through
the Abel transform inversion, which estimates the BA from N.

The N obtained from the Abelian transformation can be used for the identification
of the TPH, and the obtained value is referred to as the TPHN. Xia et al. [39] detected the
TPH using the atmospheric N from the Constellation Observing System for Meteorology,
Ionosphere, and Climate (COSMIC) RO data. The covariance transform (CT) method
described by Lewis [40] was used to estimate the TPH directly from the BA (α) to determine
the transition in the In(α), and the resulting TPH from this method is called the TPHα.
Zhang et al. [24] identified the TPH based on the BA from COSMIC RO data using the CT
method. Liu et al. [16] also determined the TPH based on the BA and the LRT using FY-3C
and MetOp RO data. The TPH determined from the BA is a function of the impact parameter.
To convert the impact parameter to the impact altitude above the geoid, the radius of
curvature and geoid undulation values must be subtracted from the impact parameter.

This study aims to identify the TPH using different techniques according to the
definition of WMO: LRT and CPT. In addition, this study aims to determine the TPH
from the BA and N, which is considered an additional method developed specifically for
use with the GNSS RO data based on the CT method. The analysis is performed on a
new data source (Sentinel-6) that receives data in the open-loop tracking mode. Setinel-6
(hereafter S6) has a high circular inclination orbit (66◦). S6 captures signals from the Global
Positioning System (GPS) and Russia’s Global Navigation Satellite System (GLONASS),
thereby increasing the number of obtained profiles. So far, to the best of our knowledge,
the evaluation of the TPH using S6 data and different techniques has not been investigated.

This paper is structured as follows: data sources and methods, including the processing
of the GNSS RO data from S6 for the identification of the TPH using different algorithms,
are described in Section 2. Section 3 presents the analysis and discussion of the results.
Finally, the conclusions of this study are presented in Section 4.

2. Data and Methods
2.1. GNSS RO Data

For the identification of the TPH from different algorithms, the GNSS RO data (atmPrf)
from S6 were used in this study. The data used in this study covers the period from January
2022 to June 2022. From these data, the LRT and CTP heights, TPHN, and TPHα were esti-
mated. Figure 2a shows an example of the distribution of the GNSS RO events on a selected
day. The monthly distribution of the GNSS RO events by S6 in January 2022 is presented
in Figure 2b. As shown in Figure 2, the GNSS RO distribution is almost uniform across
the world. The massive amount of data from S6 significantly enhances the study of the
tropopause. From the previous figures, it can be seen that S6 has a good spatial distribution



Remote Sens. 2023, 15, 5513 4 of 23

over land and sea. All latitudinal zones were covered by observations, as shown in Figure 2.
S6 can sense the atmosphere and study the dynamics of the tropopause globally.
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2022 (b).

Figure 3a illustrates the monthly RO profile from S6 from January 2022 to June 2022.
During this period, there were approximately 154,279 GNSS RO profiles. In this study, the
GNSS RO data retrieved from S6 were downloaded from https://rom-saf.eumetsat.int/
pub/ntc/profs/sentinel6/atm/ (accessed on 30 September 2022). Temperature, N, and BA
profiles were obtained from the processing of the GNSS RO data to identify the TPH using
different algorithms.
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Figure 3. Monthly RO profiles numbers from Sentinel-6 from January to June 2022 (a) and RO profiles
statistics from MetOp-B, MetOp-C, and S6 for the global and latitudinal data sets from January to
June 2022 (b).

The distribution of RO profiles from S6 is compared with the RO data from the MetOp
Series (MetOp-B and MetOp-C) during the same study period. Figure 3b presents the RO
profile statistics from MetOp-B, MetOp-C, and S6 according to the latitudinal distribution
bands as follows: global (−90◦ to +90◦), low (−30◦ to +30◦), middle (±30◦ to ±60◦), and
high (±60◦ to ±90◦) latitudes. As presented in Figure 3b, RO profiles from S6 are higher
than RO profiles from MetOp-B and MetOp-C. As reported by Zhran [41], S6 provided
more RO data than MetOp-B and MetOp-C because S6 receives GPS and GLONASS signals,
unlike MetOp-B and MetOp-C, which receive only GPS signals. S6 provides higher data at
low and mid latitudes compared to MetOp-B and MetOp-C.

The results of the TPH from S6 using different techniques were compared with the Eu-
ropean Center for Medium-Range Weather Forecasts (ECMWF) daily operational forecasts,

https://rom-saf.eumetsat.int/pub/ntc/profs/sentinel6/atm/
https://rom-saf.eumetsat.int/pub/ntc/profs/sentinel6/atm/
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downloaded from https://rom-saf.eumetsat.int/pub/ntc/profs/sentinel6/bgo/ (accessed
on 30 September 2022). The S6 satellite was used in this study as a new data source for
the remote sensing of the atmosphere. The phase delay of the signal is determined by
comparing the phase received by the LEO receiver to the known phase of the signal from
the GNSS satellite, thereby creating an excess phase. The time derivative of the excess phase
is the excess Doppler shift. Geometric optics retrievals on the excess Doppler shift and
the satellite/receiver geometries were used to determine an accumulated BA [42]. After
performing ionospheric corrections to the BA on L1 and L2, the neutral BA was retrieved.
Statistical optimization is used for the initialization of the neutral BA at high altitudes
and is necessary for noise reduction [43,44]. The sources of RO errors in the upper strato-
sphere include measurement noise, bending angle initialization for the Abel transform, and
ionospheric residuals following the dual-frequency ionospheric correction [29].

By applying the inverse Abelian transformation, the BA is transformed into N using
the spherical symmetry assumption [45]. As the refractive index is close to unity, N is
preferred for studying the atmosphere [42]. The refractivity is defined as N = (n − 1) × 106.
We calculated the temperature profile using hydrostatic equilibrium. By disregarding
the existence of water vapor, the dry temperature may be obtained from refractivity data.
This indicates that if the contribution of water vapor to the refractivity is negligible, as it
usually is in the high troposphere and stratosphere, then the dry temperature is near the
physical temperature.

In the ROPP, the pressure at 150 km is determined using the refractivity gradient at this
height, ignoring the temperature gradient, in order to initiate the hydrostatic integration.
The BA alone did not yield a temperature profile. Figure 4 illustrates the primary phases in
the GNSS RO data processing in the ROPP.
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Zhran [41] validated the atmospheric profiles from S6 with MetOp-B, MetOp-C, and
ECMWF Reanalysis v5 (ERA5) and found that, for the monthly zonal mean dry temperature,
most of the standard deviation (STD) values from S6 are in the range of 2 to 4 K at heights
of 10 to 35 km. In tropical regions, the STD is of greater significance than in polar zones
below 10 km.

https://rom-saf.eumetsat.int/pub/ntc/profs/sentinel6/bgo/
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2.2. Methods of TPH Estimation

The WMO established the LRT definition as the lowest height at which the temperature
lapse rate is less than 2 ◦C/km, and the average temperature lapse rate between this height
and the level 2 km above it does not exceed 2 ◦C/km [35]. The CPT height is indicated
by the lowest value in the temperature profile. To define the tropical tropopause, the
CPT has become increasingly important because of the improved correlation between
tropical tropopause features and convective processes, which are crucial to the stratosphere–
troposphere interchange [46].

An example of a GNSS RO temperature profile at a specific location at night, indicated
by the TPH computed from the LRT and CPT, is presented in Figure 5. As this graph
illustrates, the CPT height was higher than the LRT height.
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Figure 5. TPH determination from LRT and CPT on the temperature profile.

The CT approach was applied to all BAs generated by S6 from January 2022 to June
2022 as well as N profiles. For comparison, the result of the TPHs generated based on the
BA is converted to the geometric height instead of the impact parameter. For more details
about the CT approach, refer to the study by Lewis [40].

Lewis [40] developed the CT approach used by the ROPP. The CT approach introduces
the determination of the TPH based on the BA profiles without the need for any a priori
information. The TPHα is the maximum CT of the logarithm of the BA, which is defined as
follows [47]:

∼
f (Z) = 1

2a

∫ min(Zt ,Z+a)

max(Zb ,Z−a)
f
(
Z ′
)[

f
(
Z ′
)
− f (Z)

]
dZ ′ (1)

where Zb and Zt are the lower and upper limits of the data profile, respectively; a is the
vertical scale involved in the calculation. 2a is the width of the CT and was fixed at 25 km in
the ROPP based on the result of some experimentation with a variety of occultation profiles.
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f (Z) is the natural logarithm of the BA (α) at the impact parameter (Z) normalized by
α0 = 1 rad as follows [47]:

f (Z) = log(α(Z)/α0) (2)

For the identification of the TPHN, Equation (1) was used again, but now f (Z) is the
natural logarithm of the N at height (Z) normalized by N0 = 1000 N-units as follows:

f (Z) = log(N(Z)/N0) (3)

Refractivity can be obtained from different sources; therefore, this algorithm can be
applied to the N extracted from daily operational forecasts. The ROPP is used for the iden-
tification of the different TPHs from the profiles of temperature, refractivity, and bending
angle. The altitude range in the tropopause that the different algorithms in the ROPP search
for has the following lower bounds (TPH min) and higher bounds (TPH max) [16]:

TPHmin = 2.5× (3 + cos(2lat)) km (4)

TPHmax = 2.5× (7 + cos(2lat)) km (5)

where lat denotes the atmospheric profile’s latitude.

3. Results and Analysis
3.1. TPH from Various Algorithms

The distribution of the LRT height and latitude during the study period is shown in
Figure 6. Figure 6 depicts that the LRT has its highest value at the equator and its lowest
value at the poles. Additionally, Figure 6 also shows that the LRT height is dependent
mainly on latitude and decreases with latitude in both the northern and southern hemi-
spheres, which is consistent with the results published by Schmidt et al. [5]. As presented
in Figure 6, there is a break between the upper and lower tropopauses around 20–30◦N
in January, February, and March. A similar asymmetry looks to be beginning to develop
in the southern hemisphere in the June data. The LRT algorithm is globally applicable for
identifying the TPH.

Figure 7 shows the analysis of the CPT height, which indicates that the CPT is only
applicable in the tropics between 30◦S and 30◦N. Outside of the tropics, the cold point is
not necessarily reflective of the tropopause, so the CPT tropopause is not calculated. It is
not always possible to utilize the computed CPT since the cold point might occur at the
tropopause or higher in the stratosphere. Additionally, at mid latitudes, the occurrence
of double tropopauses also makes the interpretation more complicated. To ascertain how
latitude relates to the CPT and LRT heights, the LRT is drawn in the tropics only from
30◦S to 30◦N alongside the same latitude band in Figure 7. The TPH based on the CPT
is higher than that based on the LRT, which is consistent with the results published by
Schmidt et al. [5]. The identification of the tropical tropopause is better represented by the
CPT, where air convection is relatively uncomplicated. The CPT would be preferred for
studies of the transport of water vapor across the tropical tropopause, as it represents the
point in the vertical motion when an air parcel will encounter the lowest temperature.

The TPH derived from N during the study period is depicted in Figure 8. The TPH
pattern has two sub-patterns. One follows the LRT height, which is highest at the equator
and lowest at the poles, and the other one traces a smooth curve indicating the highest TPH,
which indicates that this is a signal of a double tropopause. As shown in Figure 8, there
was a double layer in the TPH distribution outside the tropics. In the sub-tropical region,
there are often tropopause folds, leading to a double-tropopause structure. This means that
the algorithms are unstable in that small changes can lead the algorithm to switch between
the diagnosis of either the higher or lower temperature minimum. The change between
these two minima can lead to large differences in the algorithms and would be a source of
substantial challenge and perhaps interest.
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Figure 9 illustrates the TPH distribution derived from the BA during the study period.
The TPHα follows the same pattern as the LRT height, where the maximum value occurs at
the equator, and the minimum value occurs at the poles. In general, the TPH patterns from
different algorithms are symmetric about the equator on a broad scale.
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A repeated measures one-way analysis of variance (ANOVA) at a 95% confidence
interval was used to analyze the data. The results show a p-value < 0.0001, which means
that the difference between the LRT height, CPT height, TPH derived from N, and TPH
derived from BA is significant.
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3.2. Comparison of LRT Heights

TPHs based on the CPT, N, and BA were compared with TPHs based on the LRT. In
this comparison, the LRT height was used as the reference because it is applicable for all
latitude ranges, while the CPT is spatially limited. To analyze the difference between the
LRT and CPT in detail, the latitude bands were divided by ten degrees for the northern and
southern hemispheres. The LRT and CPT heights were estimated from the temperature
profiles obtained from the GNSS RO data processing.
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Figure 10 shows the latitudinal distribution of the mean difference (MD) and corre-
lation between the LRT and CPT heights. The MDs between the LRT and CPT heights
(CPT-LRT) are examined with latitude in Table 1 because the TPH is highly correlated with
latitude. Table 1 shows that the LRT and CPT heights are more consistent near the equator
and at lower latitudes. Table 1 also shows that the CPT height was higher than the LRT
height. As shown in Table 1, the MD at and near the equator had its lowest values for both
the northern and southern hemispheres. The increase in latitude increased the MD between
the LRT and CPT heights, which ensured that the LRT and CPT were more consistent at
and near the equator.
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Table 1. Mean difference between LRT and CPT heights during the study period.

Latitude Zone 0–10◦N 10◦–20◦N 20◦–30◦N 0–10◦S 10◦–20◦S 20◦–30◦S

CPT-LRT (km) 0.574 0.685 0.902 0.568 0.677 0.899

We compared the results of TPHs based on N with TPHs based on the lapse rate. The
mean bias between the LRT height and the TPH based on N for different latitude bands is
shown in Figure 11. The MD is estimated for each ten-degree latitude band in the Northern
Hemisphere. As shown in Figure 11, the MD increases with latitude up to 40◦N and then
decreases until 60◦N. The lowest MD is 0.267 km at the 50–60◦N zone, while the highest
MD is 1.963 km at the 30–40◦N zone. Figure 11b also shows that the largest differences
occur in the subtropical zone (30–40◦N), and there is also a large difference in the polar
region (80–90◦N) as presented in Figure 11a, which illustrates that TPH based on N is not
very reliable for these latitude zones.

Remote Sens. 2023, 15, x FOR PEER REVIEW  13  of  24 
 

 

 

Figure 11. Difference between LRT height and TPH based on refractivity for different latitude bands 

from 0 to 90°N every 10 degrees (a) showing latitude zone of maximum difference (b). 

To analyze the difference between the LRT height and the TPH based on the BA, the 

latitude bands in the Northern Hemisphere were divided into nine zones, with each zone 

consisting of ten degrees. The MD and  the standard deviation (STD) of  the differences 

were estimated for each zone. As shown in Figure 12a, the largest MD was 1.12 km from 

the equator to 20°N and the largest MD between the LRT height and the TPH based on 

the BA is presented in Figure 12b. In general, in the latitude band of 30–40°N, the TPH 

based on BA exhibited the maximum variation as presented in Figure 12a. 

 

Figure 12. Difference between LRT height and TPH based on BA for different latitude bands from 0 

to 90°N every 10 degrees (a) showing latitude zone of maximum difference (b). 

3.3. Determination of the Zonal Mean 

Next, the zonal mean of the TPH during the study period was determined using dif‐

ferent algorithms. The  results were gridded  into a 5°‐latitude band. For each grid,  the 

zonal mean of the TPH from different approaches was estimated. A comparison between 

the zonal mean LRT and CPT heights is shown in Figure 13 for different latitude bands. 

As shown in Figure 13, the zonal mean CPT height was always higher than the zonal mean 

LRT height. As shown in Figure 13, the overall zonal MD is approximately 0.5 km at and 

near the equator and approximately 1 km at a latitude of 30°. 

Figure 11. Difference between LRT height and TPH based on refractivity for different latitude bands
from 0 to 90◦N every 10 degrees (a) showing latitude zone of maximum difference (b).

To analyze the difference between the LRT height and the TPH based on the BA, the
latitude bands in the Northern Hemisphere were divided into nine zones, with each zone
consisting of ten degrees. The MD and the standard deviation (STD) of the differences were
estimated for each zone. As shown in Figure 12a, the largest MD was 1.12 km from the
equator to 20◦N and the largest MD between the LRT height and the TPH based on the BA
is presented in Figure 12b. In general, in the latitude band of 30–40◦N, the TPH based on
BA exhibited the maximum variation as presented in Figure 12a.
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3.3. Determination of the Zonal Mean

Next, the zonal mean of the TPH during the study period was determined using
different algorithms. The results were gridded into a 5◦-latitude band. For each grid, the
zonal mean of the TPH from different approaches was estimated. A comparison between
the zonal mean LRT and CPT heights is shown in Figure 13 for different latitude bands. As
shown in Figure 13, the zonal mean CPT height was always higher than the zonal mean
LRT height. As shown in Figure 13, the overall zonal MD is approximately 0.5 km at and
near the equator and approximately 1 km at a latitude of 30◦.
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Comparisons between the zonal mean LRT height, TPHN, and TPHα are shown in
Figure 13. It is clear from Figure 13 that the LRT height is always smaller than the TPHN
and TPHα. Between 20◦S and 20◦N, the TPHα is greater than the TPHN. From a latitude of
20◦ to approximately 45◦, the TPHα is lower than the TPHN. Figure 13 clearly illustrates
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that the TPH from different techniques decreases with latitude for both the northern and
southern hemispheres. As illustrated in Figure 13, the TPHα is greater than the LRT height,
which is in excellent agreement with the results of Lewis (2009). This is due to the fact that
the LRT criteria identifies the lowest possible TPH, while the BA method determines the
most significant transition. There is good agreement between the LRT height and the TPH
based on the BA between the latitudes of 30◦ to 40◦, and through this band of latitude, there
is a sharp decrease in the TPH values. The maximum difference between the LRT height
and the TPH based on the BA is at and near the equator and from 40◦ towards the poles.

In general, as shown in the previous figure, the TPHα had the largest value followed
by the TPHN, and the LRT had the lowest value of the TPH at and near the equator. The
maximum TPH occurred in the equatorial region, whereas the minimum TPH occurred at
the poles. In the equatorial region, the maximum TPH results from the TPHα (approximately
17.5 km), and at the poles, the minimum TPH results from the LRT (approximately 9 km)
during the study period. Zhang et al. [24] found that the maximum TPH estimated from
COSMIC data is found at the equator, which varies around 17 ± 0.5 km, and the minimum
TPH is found at the North Pole, which fluctuates around 9.2 ± 1 km. Our results agree
well with the results of Zhang et al. [24]. The previous figure shows that the slope of the
TPH is steep in mid-latitude bands. For all the TPH methods, the strongest gradients were
found between 20◦ and 40◦ in both hemispheres, while the TPH was constant between the
equator and 20◦ in both hemispheres.

As an example, the STD of the zonal means for the different algorithms used for
the identification of the TPH in June 2022 is presented in Figure 14. From Figure 14, it
can be observed that the STD of the zonal mean is the lowest at the equator, increases
with latitude until 40◦, then decreases again. The STD of the zonal mean was generally
symmetric about the equator. From Figure 14, it can be further seen that the CPT and LRT
height provide the minimum STD, and the TPH based on N presents the maximum STD.
Figure 14 clearly shows that, generally, the STD of the TPHα is higher than the STD of
the LRT height, except at the poles, due to the fact that in the case of multiple tropopause
transitions occurring in a profile, the bending angle transition at the upper layers is greater
than at the lowest tropopause.
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Figure 15 depicts the zonal mean for the LRT temperature and the CPT temperature
during the study period in the low latitude band. As shown in Figure 15, the LRT tempera-
ture is higher than the CPT temperature with a mean difference of 1.1 k, and the correlation
coefficient between them is 0.9998. Remarkably, both the LRT temperature and the CPT
temperature increase with latitude, and there is symmetry in the northern and southern
hemispheres for the LRT temperature and the CPT temperature. These results are in good
agreement with the results published by Schmidt et al. [5]. A t-test was conducted at a
95% confidence interval to check if there was a significant difference between the LRT and
CPT temperatures. The results show a p-value < 0.0001, which means that the difference
between the LRT and CPT temperatures is significant.
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3.4. Determination of the Monthly Mean

Next, the TPH monthly mean variations and standard error determined by different
algorithms during the study period were discussed. The monthly mean and standard error
of the LRT height, CPT height, TPH based on N, and TPH based on the BA in different
latitude bands are presented in Figure 16. From Figure 16, we can see that the TPH is
generally high at low latitudes and low at high latitudes. As observed in Figure 16a, at low
latitudes (−30◦ to +30◦), the LRT height is the lowest TPH, while the TPH based on the BA
is the highest TPH based on the monthly mean. These results agree well with Xia et al. [39].
Figure 16a highlights that the CPT height is greater than the LRT height, and the TPH based
on the BA is higher than the TPH based on N at low latitudes. As presented in Figure 16a,
there is a little variation in the TPH based on N at low latitudes.

At the mid latitudes (±30◦ to ±60◦), the TPH based on N is the highest, while the
LRT height is the lowest TPH, as shown in Figure 16b; unlike at low latitudes, at the mid
latitudes, the TPH based on N is higher than the TPH based on the BA. At high altitudes
(±60◦ to ±90◦), there is no constant trend for the TPH based on N and the TPH based
on the BA, as illustrated in Figure 16c. Generally, the LRT height is the lowest TPH at all
latitude bands, as shown in Figure 16. It is worth remarking that the LRT height curve is
almost parallel to the TPH based on the BA at all latitude bands, and this indicates that the
LRT height and TPHα detect the same TPH variation trend.
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The monthly mean variation of the LRT and CPT temperatures with the standard error
from January to June 2022 at the low latitude band is highlighted in Figure 17. Interestingly,
the monthly mean LRT temperature is higher than the monthly mean CPT temperature, as
highlighted in Figure 17. It can be seen from Figure 17 that the LRT and CPT temperatures
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have the same pattern. The mean difference between the monthly mean LRT temperature
and the monthly mean CPT temperature is 1.18 k, and the correlation coefficient between
them is 0.98.
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3.5. Evaluation of TPH with ECMWF

In this study, we validated the results of the TPH derived from the different algorithms
with an external data source. The ECMWF operational forecast is used as a reference for the
comparison in June 2022. The TPH from different approaches were estimated from the co-
located ECMWF profiles. A comparison between the CPT heights estimated from GNSS RO
and the ECMWF model in June 2022 is illustrated in Figure 18. As illustrated in Figure 18,
there was a strong correlation between the zonal mean CPT height estimated from GNSS
RO and the values determined from the ECMWF model of approximately 0.9996.

Figure 18 also shows the comparison between the zonal mean LRT height determined
from GNSS RO and the ECMWF model in June 2022. Figure 18 also illustrates that the
two approaches have a high degree of agreement, with a correlation value of 0.9998. The
validations for the TPH based on N and the TPH based on the BA are also illustrated in
Figure 18. Figure 18 shows that there is a high correlation of approximately 0.9997 between
the zonal mean TPHN values calculated from the ECMWF model and those estimated from
GNSS RO. Figure 18 demonstrates that there is a strong correlation between the zonal mean
TPHα values obtained from the ECMWF model and those derived using GNSS RO, with a
coefficient of approximately 0.9997.
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The zonal mean bias (GNSS RO-ECMWF) for the LRT height, CPT height, TPHN, and
TPHα derived from GNSS RO, and their values estimated from the ECMWF model in June
2022, are depicted in Figure 19. As shown in Figure 19, the LRT yielded the maximum zonal
bias. The mean zonal values of the difference were−185 m for the LRT height, −6 m for the
TPHN, and 0.09 m for the TPHα. These results clearly show that the TPH derived from the
BA introduces the least mean zonal bias, followed by N, because the temperature is derived
from N based on assumptions such as hydrostatic equilibrium, and N is determined from
the BA based on the spherical symmetry assumption. No assumptions were required for
determining the TPH from the BA except for the spherical symmetry assumption, so it is a
novel method for determining the TPH. Table 2 lists the zonal mean bias of the LRT height
in different months in 2022. Table 2 ensures that GNSS RO underestimates the LRT height
compared to the ECMWF operational forecast.

Table 2. The zonal mean bias (GNSS RO—ECMWF) in LRT height during the study period.

Month January February March April May June

RO-ECMWF (m) −194 −179 −162 −159 −135 −185

From the above discussion, it can be seen that the LRT height leads to maximum zonal
bias and the TPHα yields minimum zonal bias. Additionally, we analyzed the LRT height
and the TPHα estimated from GNSS RO and the ECMWF model in the tropical, subtropical,
and polar regions in the Northern Hemisphere, as highlighted in Figure 20. The results in
Figure 20 were gridded into a 5◦-latitude band.
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Figure 20 shows that GNSS RO underestimates the LRT height compared to the
ECMWF model in tropical, subtropical, and polar regions in the Northern Hemisphere,
while GNSS RO overestimates the TPHα compared to the ECMWF model in tropical regions.
Interestingly, in subtropical regions, the TPHα computed from GNSS RO and ECMWF
model are almost identical. Notably, GNSS RO underestimates the TPHα compared to the
ECMWF model in the polar regions. Figure 20 also highlights that the TPHα is generally
greater than the LRT height, while at the latitudes of 35◦ to 45◦, the LRT height and the
TPH based on the BA are nearly identical.

The LRT height profiles in the tropical, subtropical, and polar regions in the Northern
Hemisphere, estimated from GNSS RO and the ECMWF model, are presented in Figure 21.
Figure 21 ensures that GNSS RO underestimates the LRT height compared to the the
ECMWF model in tropical, subtropical, and polar regions in the Northern Hemisphere, as
illustrated in different profiles. These profiles also illustrate that the TPH mainly decreases
with latitude.
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In the future, more radio occultation data from GPS, BDS, Galileo and GLONASS
will provide more atmospheric parameter profiles [48–50], which will further improve the
accuracy and resolution of TPH estimation. More variation characteristics of the TPH will
be studied and revealed.

4. Conclusions

The identification of the TPH is important for climate studies. Different techniques for
identifying the TPH using Sentinel-6 data, including identifying the TPH based on the LRT
and CPT, based on N, and based on the BA, were investigated. The results show that GNSS
RO can identify the TPH using four different algorithms. The LRT is globally applicable,
whereas the CPT is valid only in the tropics. The CPT is a better indicator of the tropical
tropopause. Because there are various methods for obtaining N, the TPH based on the
N algorithm can be used with any source that offers this property. The global TPH can
be calculated directly from the BA using GNSS RO rather than radiosonde clustering at
specific locations. The TPH can be identified directly from the BA instead of temperature
profiles, without the need for any a priori knowledge of hydrostatic equation integration.

The equatorial region had the highest TPH, whereas the poles had the lowest TPH.
At and near the equator, the TPHα is often the highest value, followed by the TPHN; the
LRT height has the lowest value of TPH. The TPHα (approximately 17.5 km) produced
the highest TPH in the equatorial region, and the LRT produced the lowest TPH near the
poles (approximately 9 km) during the study period. The TPHs from different approaches
estimated from ECMWF daily operational forecasts are in very good agreement with
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those estimated from GNSS RO, with a correlation coefficient of 0.999. The mean zonal
difference between GNSS RO and ECMWF model was the lowest for the TPH based on
the BA, and highest for the LRT height. In tropical, subtropical, and polar areas, GNSS RO
underestimates the LRT height in comparison with the ECMWF model, whereas in tropical
regions, the GNSS RO overestimates the TPHα.

In conclusion, GNSS RO is an effective remote sensing tool for identifying the tropopause
height and is a diagnostic tool for studying the atmosphere because of its high resolution,
high precision, and good spatial and temporal coverage. GNSS RO alone offers four dif-
ferent algorithms for imaging the spatiotemporal TPH with global coverage. According
to our results, the TPHα is the most effective method for identifying the TPH without the
need for any a priori information, unlike the other methods. This study offers a helpful
foundation for future research on the long-term fluctuations in tropopause height.
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