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Abstract
The tropopause variation is very complex and affects climate change in the upper-troposphere lower-stratosphere (UTLS). 

In this study, the relationship and interaction between global gravity wave (GW) activities in terms of potential energy (Ep) 

over an altitude range from 5 km below the lapse-rate tropopause (LRT) to 10 km above the LRT and LRT characteristics 

are investigated using data from 12 global navigation satellite system radio occultation (GNSS-RO) missions from June 2001 

to June 2022. The LRT height (LRT-H) and LRT temperature (LRT-T) display an increasing trend, while the LRT pressure 

(LRT-P) depicts a decreasing trend. In height Band 1, which corresponds to a height range from 5 km below LRT to LRT 

level, the GW Ep is maximum, with an upward trend of about 0.62 J/kg per decade. In addition, in height Band 2, which 

corresponds to a height range from LRT level to 5 km above LRT level, the GW Ep shows an increasing trend of about 0.18 

J/kg per decade. In the case of height Band 3, which corresponds to a height range from 5 km above LRT level to 10 km 

above LRT level, the GW Ep is minimum with a downward trend of about − 0.17 J/kg per decade. The highest correlation 

coefficients among GW Ep and LRT parameters (H, T, and P) are at the height Band 2, at about − 0.52, 0.76, and 0.6 for 

LRT-H, LRT-T, and LRT-P, respectively. The results of the empirical orthogonal function (EOF) analysis of LRT parameters 

and GW activity at all height bands indicate that all the studied parameters have an increasing variability pattern. In addi-

tion, the leading mode of spatial variability of GW Ep at height Band 2 agrees with that of LRT-T and LRT-P and has an 

opposite sign in the case of LRT-H. The singular value decomposition (SVD) analysis results reveal that the leading temporal 

variability paired mode of Ep and all LRT parameters has a significant positive correlation, while the spatial one shows a 

strong coupling between the patterns of the combined Ep in height Band 2 and LRT parameters. Both global GW Ep and 

tropopause parameters have a clear seasonal variation. The results illustrate that the variations of LRT parameters are most 

closely related to the variations of GW Ep at height Band 2. Furthermore, the close effect of GW’s activity on tropopause 

variation characteristics is clearly evident.

1 Introduction

The tropopause is a crucial atmospheric boundary that sep-

arates the turbulent, wet troposphere from the stable, dry 

stratosphere. It is receiving more attention in climate change 

research. Many studies have indicated that the tropopause 

is rising as a result of global warming caused by increased 

greenhouse gas (GHG) emissions in the atmosphere (Meng 

et al. 2021; Pisoft et al. 2021; Darrag et al. 2022). The 

changes in tropopause characteristics can be considered a 

sensitive indicator of anthropogenic climate change in the 

upper-troposphere lower-stratosphere (UTLS) (Sausen and 

Santer 2003; Santer et al. 2004). The variations of tropo-

pause parameters (height, temperature, and pressure) are 

closely related to atmospheric waves (Randel et al. 2003; 

Satheesan and Krishna Murthy 2005; Corrigan et al. 2006), 
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among which the impact of gravity waves (GWs) is signifi-

cant (Randel et al. 2003; Khan and Jin 2016). GWs play a 

crucial role in atmospheric circulation. It is one of the main 

drivers of atmospheric dynamics. GWs are mainly generated 

in the troposphere and then propagate upward transferring 

energy, momentum, water vapor, and chemical components 

between different atmosphere layers (Yang et al. 2021), 

which influence tropopause parameters directly or indi-

rectly (Khan and Jin 2016). Understanding the sources and 

propagation of GWs is essential to improving weather and 

climate models (Perrett et al. 2021). Deep convection, winds 

gusting over mountains, jet streams, breaking of tidal and 

planetary waves, explosions, and instabilities at all heights 

are the primary GW sources (Fritts and Nastrom 1992; Fritts 

and Alexander 2003).

Several studies have examined the variability of the 

global tropopause structure (Schmidt et al. 2004; Seidel 

and Randel 2006; Li et al. 2017) and global GW activity 

(Tsuda et al. 2000; Wang and Alexander 2010), but there 

have been few studies on the relationship between GWs and 

the tropopause parameters on a global scale. The majority 

of studies focus on their interaction on a regional or local 

scale. Randel et al. (2003) used Global Positioning Sys-

tem Meteorology (GPS/MET) RO observations from April 

1995 to February 1997 to examine the structure and vari-

ability of temperature in the tropical UTLS. They reported 

that GWs appeared to be responsible for much of the sub-

seasonal variability in cold point tropopause (CPT) height 

and temperature. Using temperature data from the Constel-

lation Observing System for Meteorology, Ionosphere, and 

Climate (COSMIC) Radio Occultation (RO), Khan and Jin 

(2016) investigated the effects of stratospheric GW activ-

ity on CPT parameters and water vapor over Tibet during 

June 2006 to February 2014. Their findings show how GWs 

affect stratospheric water vapor concentration and CPT tem-

perature. Above the cold points, there is a strong correla-

tion between water vapor, CPT temperature, and GW activ-

ity. Furthermore, Yu et al. (2019) investigated the relation 

between stratospheric GW Ep and tropopause parameters 

worldwide using dry temperature profiles from the COS-

MIC RO mission for the period September 2006 to May 

2013. They found that stratospheric GW Ep has a significant 

positive correlation with lapse-rate tropopause (LRT) height 

(LRT-H) and a significant negative correlation with LRT 

temperature (LRT-T) in the stratosphere, with distinct zonal 

distribution characteristics at middle and high latitudes. 

They reported that it is possible to conclude that GW activi-

ties influence the variations of tropopause parameters. When 

GWs propagate from the troposphere to the stratosphere, 

the tropopause lifts and becomes cooler at middle and high 

latitudes, whereas in the tropics, both deep convections and 

GWs have an impact on the tropopause structure. According 

to Ayorinde et al. (2022), based on global navigation satellite 

systems radio occultation (GNSS-RO) data during 2020 and 

2021, changes in the tropopause’s characteristics are influ-

enced by stratospheric GW activity. Deep convections and 

stratospheric GWs both had an impact on the tropopause’s 

structure in the tropics, while at higher latitudes, the height 

of the tropopause showed more fluctuation as GWs moved 

from the troposphere to the stratosphere. Numerous studies 

have suggested that the tropopause region is a significant 

GW generating zone (Zhang et al. 2010, 2012). Furthermore, 

several studies on active GW motions in the tropopause 

region and their potential connections with local turbulence 

and mixing have been published (Sharman et  al. 2012; 

Mchugh and Sharman 2013). Applying general circulation 

models (GCMs) and reanalysis data, Birner et al. (2006) 

proposed that the tropopause inversion layer (TIL) could 

have an effect on gravity wave propagation. On the other 

hand, using a high-resolution GCM to investigate the trans-

port mechanism of GWs through the tropopause, Miyazaki 

et al. (2010) found that GW may have possible effects on 

the TIL. Kunkel et al. (2014) investigated the connection 

between inertial GWs (IGWs) and TIL based on simulation. 

They discovered that the thermal and dynamical structures 

of the tropopause region may be persistently changed by the 

energy dissipation, local heating, and turbulence caused by 

IGWs; these processes may lead to the production of TIL or 

alter an existing one.

The study of global GWs’ influence on tropopause char-

acteristics is a difficult task due to data limitations and the 

complexity of the Earth’s atmospheric system. The limita-

tions of the used techniques are the low spatial resolution 

of the radiosonde (RS) observations, which mainly cover 

land and show sparse data in the ocean and polar regions. 

Moreover, it displays an asymmetrical distribution in both 

hemispheres. For the satellite remote sensing technologies 

and model analyses, both suffer from coarse vertical resolu-

tion. In addition, the reanalysis data trends can be biased 

to reflect changes in both the quantity and quality of the 

underlying data (Schmidt et al. 2004; Li et al. 2017). GNSS-

RO has provided an exceptional technique to retrieve land 

surface and atmospheric parameters globally (Jin 2012; Jin 

et al. 2011, 2019, 2014, 2017). The GNSS-RO technique 

was first performed within the GPS/MET experiment for 

the period 1995 to 1997 (Kursinski et al. 1997). Then, it has 

been continuously applied aboard various low-Earth orbit 

(LEO) satellite missions since 2001. By 2025, the planned 

missions will provide a global coverage of about 14,700 RO 

profiles daily (Jin et al. 2014; Oscar 2023). The GNSS-RO 

technique has many advantages, such as uniform global cov-

erage, a higher vertical resolution than any of the existing 

satellite temperature measurements available for the UTLS, 

long-term stability, and the ability to work in all weather 

conditions unaffected by clouds, precipitation, or aerosols 

(Bai et al. 2020; Scherllin-Pirscher et al. 2021). GNSS-RO 
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neutral atmospheric measurements are performed for the 

height range from the lowest troposphere to ~ 80 km. The 

highest quality of GNSS-RO atmospheric profiles is at alti-

tudes between ~ 8 and ~ 35 km; thus, it is well suited for the 

climatology of the UTLS (Kursinski et al. 1997; Foelsche 

et al. 2008; Zeng et al. 2019). The accuracy of RO data in 

the UTLS typical estimates is ~ 0.1 K from 8 to 30 km (Ho 

et al. 2020; Tegtmeier et al. 2020). The GNSS-RO technique 

enables measuring the thermal structure of the atmosphere 

with a vertical resolution of 100 m near the surface to 1.5 

km at 40 km (Kumar et al. 2014; Ho et al. 2012). Although 

there are many advantages to GNSS-RO observations in 

UTLS, the application of GNSS-RO measurement in the 

lower troposphere is a challenging task due to the biases of 

GNSS-RO observations in the lower troposphere that are 

caused by multi-path and high refractivity gradients (Beyerle 

et al. 2006; Cucurull 2010). GNSS-RO measurements are 

well suited for studying tropopause characteristics (Xu et al. 

2014) and global GW activity (Wang and Alexander 2010; 

Schmidt et al. 2016). Many studies have confirmed the fea-

sibility and excellent suitability of GNSS-RO measurements 

for atmospheric monitoring and climate change detection 

(Steiner et al. 2011).

In this study, we aim to investigate the relation between the 

global GW activity in terms of potential energy (Ep) and the 

LRT parameters for the first time using data from 12 GNSS-

RO missions from June 2001 to June 2022. In Section 2, the 

GNSS-RO data used in our study are depicted. In addition, the 

methods to derive the global tropopause and GW parameters 

are presented. Moreover, the data analysis is explained. Sec-

tion 3 describes and discusses the results and findings. Finally, 

conclusion and summary are given in Section 4.

2  Data and methods

2.1  Data

In the investigation of the relationship between global GW 

activity and tropopause characteristics, we use GNSS-RO 

atmospheric profile data from 12 LEO satellite missions for 

the period from June 2001 to June 2022, which are com-

bined together to provide good spatial and temporal coverage 

worldwide. In this study, the utilized atmospheric retrievals 

are level 2 dry temperature profiles that are freely available 

at the University Corporation for Atmospheric Research 

(UCAR), COSMIC Data Analysis and Archive Center 

(CDAAC). The availability of the used GNSS-RO data and 

its temporal span is depicted in Fig. 1 (CDAAC 2022).

2.2  Methods

The used GNSS-RO atmospheric profile data from various 

LEO missions is highly consistent (Darrag et al. 2022). All 

the utilized dry temperature profiles are first spline inter-

polated to a regular 100 m height resolution to determine 

the tropopause and GW parameters globally (Hindley et al. 

2015). The tropopause parameters are determined by apply-

ing the LRT definition. According to the World Meteoro-

logical Organization (WMO) tropopause definition, “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). The GW Ep is 

independently estimated from each temperature profile over 

an altitude range from 5 km below the LRT (LRT-5 km) to 

Fig. 1  Available global navigation satellite systems radio occultation (GNSS-RO) data used in this study
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10 km above the LRT (LRT + 10 km). The raw temperature 

profile T(z) can be separated into background temperature 

T(z) and temperature fluctuation T�(z) by applying the GWs 

linear theory (Fritts and Alexander 2003). The separation of 

the temperature profile into background T(z) and a fluctua-

tion T�(z) is performed following the method of Alexander 

et al. (2011) that reduces artificial enhancements around the 

tropopause through applying double filtering steps, the first 

of which is bandpass filtering of the temperature profile T(z) 

using a cutoff of 2–10 km which is the wavelength of interest 

in our study, and the second step is low-pass filtering of the 

temperature fluctuation component using a 10 km cutoff to 

minimize the effect of the high temperature gradient at the 

tropopause on the calculated Ep values.

The Brunt–Väisälä frequency squared N2(z) profile is 

computed applying the following equation:

where g denotes gravity acceleration and cp denotes air-spe-

cific heat capacity at constant pressure.

The Ep profile is computed by Eq. 3:

The Ep profile over the studied height range is divided 

into three height bands. Band 1 corresponds to a height range 

from 5 km below LRT to LRT level (LRT-5 km); Band 2 

corresponds to a height range from LRT level to 5 km above 

LRT level (LRT + 5 km); Band 3 corresponds to a height 

range from 5 km above LRT level to 10 km above LRT 

level (LRT + 5 to LRT + 10 km). For each profile, the Ep of 

each height band is averaged. The results of all tropopause 

parameters and GW Ep bands are then grided into a 5° × 5° 

latitude and longitude grid (Alexander et al. 2011; Khan and 

Jin 2016; Yu et al. 2019). The relation between tropopause 

parameters and GW Ep parameters is deeply examined and 

discussed. Furthermore, the spatial and temporal variability 

of the studied parameters is widely investigated using the 

empirical orthogonal function (EOF) technique, also known 

as the principal component analysis (PCA) (Bjornsson and 

Venegas 1997; Calabia and Jin 2020). This technique is 

commonly applied for climate variables’ spatial and tem-

poral analysis. It provides the spatial patterns of variability 

and expansion coefficient time series for a single geophysical 

variable in addition to the contribution of each mode of vari-

ability to the total variance. Because the variability of the 

studied parameters is mostly driven by the annual variation, 

the first PCA component is the only one considered for each 

(1)T ′(z) = T(z) − T(z)

(2)N2 =
g

T

(
𝜕T

𝜕z
+

g

cp

)2

(3)EP =
1

2

( g

N

)2

∙

(
T ′

T

)2

variable. Wavelet coherence (WTC) analysis is performed 

to clarify the relation between the leading mode (PC1) of 

temporal variability of GW Ep at all height bands and that 

of LRT parameters. Within the time–frequency space, WTC 

can be utilized to estimate the coherence between two time 

series data that range between 0 and 1 (Grinsted et al. 2004). 

For further examination, we apply singular value decompo-

sition (SVD) analysis to reveal the coupled modes of covari-

ability between GW activity and LRT parameters. Before 

applying EOF and SVD analyses, the linear trends and sea-

sonal cycles of each variable are removed to obtain the fields 

of anomalies. The SVD method can identify the pairs of 

coupled spatial modes and their temporal variation; it also 

provides the percentage of covariance fraction explained 

by each pair (Bjornsson and Venegas 1997; Dubache et al. 

2019). In addition, the seasonal variation of global GW Ep 

and LRT parameters is widely examined.

3  Results and discussion

3.1  Relation between GW Ep and LRT parameters

It is clear in Fig. 2 that GW activity, represented by Ep, is at 

its maximum in height Band 1 (LRT-5 km) (Fig. 2a). The Ep 

decreases gradually upward to be the minimum in the height 

Band 3 (LRT + 5 to LRT + 10 km) (Fig. 2c), showing agree-

ment with the results reported by Schmidt et al. (2008). The 

atmospheric GW activity is high in altitude Band 1 because 

most GWs are generated in the troposphere and propagate 

vertically until they become weak, at which point they dis-

sipate, releasing energy and momentum into the general 

circulation (Zhang et al. 2015; Khan and Jin 2016). GW Ep 

in height Band 1 (Fig. 2a) shows the maximum increasing 

trend of 0.62 J/kg per decade, and GW Ep in height Band 2 

(Fig. 2b) depicts an upward trend of 0.18 J/kg per decade. 

GW Ep in height Band 3 (Fig. 2c) exhibits a downward trend 

of − 0.17 J/kg per decade (Table 1).

Figure 3 shows the global LRT parameters from June 

2001 to June 2022. Our analysis results signify a global 

increase in LRT-H of 30 m/decade since June 2001 (Fig. 3a), 

and this is in good agreement with that of Schmidt et al. 

(2008), which showed an upward trend in global LRT-H of 

39–66 m/decade. In addition, the LRT-T has an upward trend 

of 0.13 k/decade (Fig. 3b), but the LRT-P has a downward 

trend of − 0.76 hPa/decade (Fig. 3c). The tropopause trends 

from our analysis are in agreement with those from previ-

ous studies (Sausen and Santer 2003; Schmidt et al. 2004; 

Seidel and Randel 2006; Meng et al. 2021). As shown in 

Fig. 4, the highest correlation coefficient between GW Ep 

and LRT parameters is about 0.76 between Ep in Band 2 and 

LRT-T. LRT-H has a positive correlation with GW Ep in 

height Band 1 (tropospheric) of 0.12, while it has a negative 
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correlation of − 0.52 and − 0.49 with GW Ep in height Bands 

2 and 3 (stratospheric), respectively. For LRT-T, it has a 

positive correlation with GW Ep at all height bands. In con-

trast to LRT-H, LRT-P has a negative correlation with GW 

Ep in height Band 1, while it has a positive correlation with 

GW Ep in height Bands 2 and 3. In addition, LRT-H has 

a correlation of − 0.75 and − 0.98 with LRT-T and LRT-P, 

respectively. GW Ep in Band 1 has a correlation of 0.63 

and − 0.12 with that of Band 2 and Band 3, respectively. 

Meanwhile, GW Ep in Band 2 has a correlation of 0.35 with 

that of Band 3.

3.2  Spatial–temporal variability of GW Ep and LRT 
parameters

For the EOF analysis results of GW Ep and LRT param-

eters, we only consider the first leading mode, which 

explains the majority of the spatial structures and temporal 

variability. The first dominant pattern of spatial variability 

is represented as EOF1, while that of temporal variability 

is represented as PC1. The amplitudes of all EOF modes 

are normalized by multiplying each EOF by the SD of the 

corresponding temporal components. Therefore, each spatial 

pattern is considered an anomaly map with the same units as 

the original data (Forootan et al. 2012). In the case of LRT 

parameters (Fig. 5b, d, f), the EOF1 of LRT-H explains about 

25.56% of the total variability, with values between − 1.36 

and 2.06 km. For LRT-T, EOF1 represents 36.25% of the 

total variance, with values ranging between − 10.1 and 5.36 

k. The EOF1 of LRT-P accounts for 30.03% of the total 

variability, with values between − 65.7 and 40.2 hPa. The 

PC1 of all LRT parameters (Fig. 5a, c, e) shows increasing 

trends over the course of the study. Moreover, the PC1 of 

all LRT parameters is dominated by inter-annual oscilla-

tions. EOF1 of LRT-H shows two clear variability patterns, 

with different signs, at the transition zone from the tropics 

to the subtropics. The LRT-H positive variability pattern in 

northern hemisphere (NH) is stronger than the negative one 

in southern hemisphere (SH) (Fig. 5b). Due to the expansion 

of the tropics poleward, the LRT-H in NH exhibits rising 

patterns in the tropical edge latitude (TEL) region, which 

is the transitional zone from the tropics to the extratropics 

(Darrag et al. 2022). Furthermore, the LRT-H exhibits an 

increasing pattern in the polar regions of both hemispheres 

as a result of the high level of climate variability brought 

on by the rapid rise in surface temperature. For LRT-P 

Fig. 2  Monthly time series of 

globally averaged GW Ep are 

represented in 3 height bands: a 

GW Ep averaged over the 5 km 

under LRT, b GW Ep averaged 

over the 5 km above LRT, and 

c GW Ep averaged over the 

altitude range from LRT + 5 km 

to LRT + 10 km for the period 

June 2001 to June 2022

Table 1  The global GW Ep, maximum, minimum, and standard 

deviation (SD) over an altitude range from 5 km under LRT to 10 km 

above LRT divided into 3 height bands of 5 km each, for the period 

June 2001 to June 2022. In addition to global Ep trends with a 95% 

confidence interval for all levels

Height level Min Ep (J/kg) Max Ep (J/kg) Ep SD Ep trend (J/kg) per decade

Band 1 (LRT-5 km) 8.86 12.25 0.74 0.62 ± 0.02

Band 2 (LRT + 5 km) 7.12 10.45 0.75 0.18 ± 0.02

Band 3 (LRT + 5 to LRT + 10 km) 1.95 3.97 0.31  − 0.17 ± 0.02
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EOF1 (Fig. 5f), it shows patterns of variability at the same 

locations as LRT-H but with different signs. In the case of 

LRT-T EOF1 (Fig. 5d), its spatial variability pattern agrees 

with that of LRT-P except that in the north pole, LRT-T dis-

plays a clear positive variability pattern that is weaker but 

wider than the negative one in the south pole. In addition, 

all LRT parameters show evident longitudinal variation in 

their spatial pattern in NH, mainly at the transition zone 

from the tropics to the subtropics. In contrast, the spatial 

pattern in SH shows slight longitudinal variation, which is 

not significant. Our results are in good agreement with those 

of Liu et al. (2014). The decreasing trends of tropopause 

parameters in the SH is largely due to the stratospheric polar 

vortex, which is colder in the SH than in the NH (Zängl and 

Hoinka 2001).

Figure 6 shows the EOF analysis results of GW Ep at 

different altitude bands. The main variability mode, EOF1, 

of Ep at height Band 1 accounts for 6.91% of the total 

data variance, with values between − 2.5 and 3.74 J/kg 

(Fig. 6b). In the case of height Band 2, EOF1 of GW Ep 

describes 12.37% of the total variability, with values rang-

ing between − 4.6 and 3.2 J/kg (Fig. 6d). The EOF1 of Ep 

at height Band 3 explains 4.98% of the total data variance, 

with values between − 2.6 and 0.4 J/kg (Fig. 6f). The PC1 

of Ep at all height levels (Fig. 6a, c, e) has shown increasing 

trends throughout the study period. Furthermore, the PC1 of 

GW Ep at height Bands 1 and 2 is dominated by inter-annual 

oscillations. Ep EOF1 in altitude Band 1 shows two variabil-

ity patterns with different signs around the equator (Fig. 6b). 

Fig. 3  Monthly time series of 

globally averaged LRT param-

eters (height, temperature, and 

pressure) for the period June 

2001 to June 2022: a tropopause 

height, b tropopause tempera-

ture, and c tropopause pressure

Fig. 4  The correlation coefficients among the monthly averaged LRT 

parameters and GW Ep at all levels over an altitude range from 5 km 

under LRT to 10  km above LRT, for the period June 2001 to June 

2022
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In addition, there are two wide patterns of spatial variability, 

with opposite signs, in the polar zones of both hemispheres. 

The spatial occurrence of variability patterns in Ep Band 1 

matches that of all LRT parameters, but with the opposite 

signs in the case of LRT-H. The variability of GW activity 

below the tropopause in NH is linked to the subtropical and 

polar jet streams (Namboothiri et al. 2008). In the case of 

Ep Band 2 (Fig. 6d), the main mode of spatial variability, 

EOF1, shows an obvious pattern that looks like that of Ep 

Band 1 but is clearer. As in Band 2, the two variability pat-

terns around the tropical zone show clear variability signals 

with less interference with those at the tropics. In addition, 

in Band 2, the Ep variability at the south pole is stronger 

than that in Band 1. The EOF1 mode of Ep Band 2 clearly 

matches that of the LRT parameters, but with the opposite 

signs in the case of LRT-H. The Ep in Band 1 and Band 2 

has upward tends over the tropics because of convection 

that is considered a primary source of GW activity (Ratnam 

et al. 2004). For Ep Band 3 (Fig. 6f), EOF1 is characterized 

by a strong negative variability mode around the equator. 

In addition, a weak positive variability pattern covers the 

whole spatial domain from the equatorial zone poleward in 

both hemispheres. The EOF1 mode of Ep in Band 3 has 

no agreement with that of any LRT parameter. Our find-

ings are consistent with those of Namboothiri et al. (2008), 

who used GPS-RO data from the Champ RO mission for 

the years 2001–2005 to explore the worldwide GW Ep vari-

ation in the troposphere and stratosphere. Figure 7 exhibits 

Fig. 5  LRT parameters first leading mode of variability, LRT-H (a, b), LRT-T (c, d), and LRT-P (e, f). The temporal variability time series given 

by PC1 (left) and the spatial map of variability given by EOF1 (right)
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the results of the WTC analysis between the leading mode 

(PC1) of temporal variability of GW Ep at all height bands 

and that of LRT parameters. As is clear, at all height bands, 

the GW Ep and LRT parameters are in phase. GW activity at 

Band 1 and Band 2 has a high level of correlation with LRT 

parameters at different time scales along the study period. 

LRT-T has the highest coherence with GW Ep, especially at 

height Band 2. At the lower stratosphere (Band 2), the GW 

Ep and LRT parameters are more correlated. In the case of 

height Band 3, no significant coherence is observed between 

Ep and LRT parameters except at the scale of 8–16 months 

over the period from 2001 to 2007.

For further investigation into the effect of GW activity on 

LRT characteristics, the SVD analysis is performed to reveal 

the coupled patterns of covariability between GW Ep and 

LRT parameters. In terms of understanding the interactions 

between two fields, SVD outperforms EOF (Bretherton et al. 

1992). For the SVD analysis results, the first dominant mode 

of covariability is the only one taken into account. SVD1 

represents spatial patterns for the first paired mode of covari-

ability, while SC1 represents the corresponding time series 

of the expansion coefficients for the paired mode. For all 

used parameters in the SVD analysis, their SC1 timeseries 

and the corresponding SVD1 maps of spatial variability are 

Fig. 6  The first leading mode of variability for the global GW Ep 

is at height Band 1, which corresponds to a height range from 5 km 

below LRT to LRT level (a, b), height Band 2, which corresponds to 

a height range from LRT level to 5 km above LRT level (c, d), and 

height Band 3, which corresponds to a height range from 5 km above 

LRT level to 10 km above LRT level (e, f). The temporal variability 

time series provided by PC1 (left) and the spatial map of variability 

provided by EOF1 (right)
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scaled to span a range of [− 1 1] to facilitate the comparison 

and description of the paired modes of covariability.

The squared covariance fraction (SCF) of the first domi-

nant mode for the coupled fields of GW Ep in height Band 1 

against LRT-H, LRT-T, and LRT-P describes about 83.62%, 

88.65%, and 86.27%, respectively, of the total covariability 

of both fields (Fig. 8). As is clear, SC1 of Ep Band 1 has a 

strong positive correlation with that of LRT-H, LRT-T, and 

LRT-P of 0.96, 0.97, and 0.95, respectively (Fig. 8c, f, i). 

Moreover, the SC1 for the temporal variability paired mode 

of Ep in height Band 1 and all LRT parameters is domi-

nated by inter-annual oscillations. The first coupled mode 

of spatial variability, SVD1, demonstrates that the GW Ep 

in Band 1 (Fig. 8a) is characterized by observed fluctuations 

bands at the transitional zones from tropics to extratropics 

and in the two poles, at both hemispheres, accompanied by 

LRT-H (Fig. 8b) fluctuations of the opposite sign over the 

same regions. The first spatial variability paired mode of 

GW Ep in height Band 1 (Fig. 8d) and LRT-T (Fig. 8e), 

SVD1, shows that the GW Ep in Band 1 is characterized 

by observed fluctuation bands of opposite signs around the 

tropics and in the two poles, which are accompanied by 

LRT-T narrower fluctuations of the same sign over the same 

regions. In the case of SVD1 for the spatial variability paired 

mode of Ep in height Band 1 (Fig. 8g) and LRT-P (Fig. 8h), 

both have observed fluctuation bands that show good con-

sistency around the tropics and in the two poles. Around 

the equator, GW Ep shows interfered positive and negative 

anomalies areas (Fig. 8a, d, g), but LRT-H depicts an area 

of positive anomalies (Fig. 8b). In the case of LRT-T and 

LRT-P (Fig. 8e, h), both exhibit areas of negative anomaly 

around the equator. The SVD analysis results show that the 

Fig. 7  Wavelet coherence (WTC) analysis between PC1 of GW Ep at 

all height bands and LRT parameters (LRT-H, LRT-T, and LRT-P). 

The phase differences between the two series are indicated by arrows. 

The variables are in phase when the arrows point to the right (they 

move in the same direction and have cyclical effects on each other). 

If the arrows point to the right and up, the first index is leading (it 

causes the second index). The first index is lagging if the arrows point 

down. The variables are out of phase (have anticyclical effects on 

each other) if the arrows point to the left. If the arrows point to the 

left and up, the first index is leading, and if they point to the left and 

down, the first index is lagging. Ep Band 1 on the top (a, b, c), Ep 

Band 2 on the middle (d, e, f), and Ep Band 3 on the bottom (g, h, 

i). LRT-H on the left (a, d, g), LRT-T on the middle (b, e, h), and 

LRT-P on the right (c, f, i)
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patterns of the combined GW activity in height Band 1 and 

the LRT parameters are highly coupled around the tropical 

belt zone and in the polar area in both hemispheres.

As shown in Fig. 9, the SCF of the first leading mode for 

the coupled fields of GW Ep in height Band 2 against LRT-

H, LRT-T, and LRT-P explains about 91.01%, 93.44%, and 

92.75%, respectively, of the total covariability of both fields. 

As is clear, SC1 of Ep in Band 2 has a strong positive corre-

lation with that of LRT-H, LRT-T, and LRT-P of 0.98, 0.96, 

and 0.98, respectively (Fig. 9c, f, i). Furthermore, the SC1 for 

the temporal variability paired mode of GW Ep and all LRT 

parameters is dominated by inter-annual oscillations. The 

first coupled mode of spatial variability, SVD1, shows that 

the GW Ep in Band 2 (Fig. 9a) is characterized by observed 

fluctuations bands at the TEL and in the polar zones of both 

hemispheres, accompanied by LRT-H (Fig. 9b) fluctuations 

of the opposite sign over the same regions. The SVD1 of 

GW activity in height Band 2 (Fig. 9d) and LRT-T (Fig. 9e) 

shows that the GW Ep is characterized by observed fluctua-

tion bands of opposite signs around the tropical zone and in 

the two poles, which are accompanied by LRT-T fluctuations 

of the same sign over the same regions. In the case of SVD1 

for the spatial variability paired mode of Ep (Fig. 9g) and 

LRT-P (Fig. 9h), both have observed anomalies that exhibit 

good consistency globally. The SVD analysis results demon-

strate that the patterns of the combined Ep in height Band 2 

and the LRT parameters are highly coupled.

The SCF of the first dominant mode for the coupled fields 

of GW Ep in height Band 3 against LRT-H, LRT-T, and 

LRT-P accounts for 61.5%, 71.33%, and 67.16%, respec-

tively, of the total covariability of both fields (Fig. 10). As is 

clear, SC1 of Ep in height Band 3 has a positive correlation 

with that of LRT-H, LRT-T, and LRT-P of 0.86, 0.86, and 

0.85, respectively (Fig. 10c, f, i). Moreover, the SC1 for the 

temporal variability-paired mode of GW Ep and all LRT 

parameters is dominated by inter-annual oscillations. The 

prevailing mode for the coupled fields of GW Ep in height 

Band 3 against LRT parameters (Fig. 10) demonstrates that 

the patterns of the combined Ep and the LRT parameters are 

coupled and have accordance at the tropic’s boundaries in 

both hemispheres. GW Ep in Band 3 (Fig. 10a) is character-

ized by weak fluctuations bands at the TELs, accompanied 

Fig. 8  The first leading mode of covariability for the coupled fields of 

Ep in height Band 1 and LRT parameters. Ep and LRT-H (a, b, c), Ep 

and LRT-T (d, e, f), and Ep and LRT-P (g, h, i). The spatial patterns 

for the first paired mode of covariability (SVD1) of GW Ep (left), 

LRT parameters SVD1 (middle), and the time series of the expan-

sion coefficients (SC1) for the paired mode of both GW Ep and LRT 

parameter (right)



2679Effect of global gravity wave activity on tropopause variation characteristics from multiple…

1 3

by LRT-H (Fig. 10b) wider fluctuations of the opposite sign 

over the same regions. The SVD1 of GW activity in height 

Band 3 (Fig. 10d) and LRT-T (Fig. 10e) depicts that the 

GW Ep is characterized by weak anomalies at the tropic’s 

borders, which are accompanied by LRT-T fluctuations of 

the same sign over the same regions. In the case of SVD1, 

for the spatial variability paired mode of Ep (Fig. 10g) and 

LRT-P (Fig. 10h), both have fluctuations at the tropical 

boundaries of both hemispheres, but LRT-P has wider fluc-

tuations than that of Ep. In height Band 3, the SVD analysis 

results demonstrate that the patterns of the combined Ep and 

the LRT parameters are less coupled in comparison to those 

in the case of height Bands 1 and 2.

3.3  Seasonal variation of GW Ep and LRT 
parameters

In this section, the seasonal variation of GW Ep at height 

Bands 1, 2, and 3 and that of LRT parameters are dis-

cussed. Global GW Ep has a clear seasonal variation. 

Figure 11a–d depicts the global spatial distribution of sea-

sonal GW Ep variations at height Band 1 averaged from 

2001 to 2022. The GW activity at height Band 1 demon-

strates geographic changes with latitude from season to 

season. GW Ep values in height Band 1 range from 4.7 

to 18.3 J/kg. As is clear in Fig. 11, GW activity shows 

two bands of high Ep values over the midlatitudes of both 

hemispheres; the high Ep bands in NH shifted poleward 

in JJA and SON (Fig. 11c, d). Over the south pole, the 

Ep values in DJF and MAM are higher than those in the 

north pole. In contrast, in JJA and SON, the Ep values 

at the north pole are higher than those at the south pole. 

As shown in Fig. 11e, all seasons have observed upward 

trends, and all seasons show significant variability over 

the period from 2001 to 2022. In addition, the GW activ-

ity in JJA and MAM is higher than that in DJF and SON. 

Figure 12 depicts the GW Ep seasonal variation in height 

Band 2, which represents the lower stratosphere. GW Ep 

values in height Band 2 range from 2.4 to 16.7 J/kg. It is 

clear that GW activity is high around the equator in all 

Fig. 9  The first leading mode of covariability for the coupled fields of 

Ep in height Band 2 and LRT parameters. Ep and LRT-H (a, b, c), Ep 

and LRT-T (d, e, f), and Ep and LRT-P (g, h, i). The spatial patterns 

for the first paired mode of covariability (SVD1) of GW Ep (left), 

LRT parameters SVD1 (middle), and the time series of the expan-

sion coefficients (SC1) for the paired mode of both GW Ep and LRT 

parameter (right)
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seasons (Fig. 12a–d). This zone of high Ep is followed by 

bands of low Ep poleward in both hemispheres. In DJF 

and MAM, the SH polar zone has high Ep values, while 

that of the NH polar zone is low. On the other hand, in 

JJA and SON, the NH polar zone has high GW Ep, while 

that of the SH exhibits low GW activity. All seasons have 

increasing Ep trends and significant variability over the 

period from 2001 to 2022 (Fig. 12e). In addition, the GW 

activity in MAM and DJF is higher than that in JJA and 

SON. The seasonality of GW Ep in height Band 3 is shown 

in Fig. 13. The Ep values in height Band 3 vary from 0.7 to 

9.7 J/kg. The spatial pattern of GW activity in all seasons 

is quite similar, as the Ep values are high over the tropi-

cal belt and decrease poleward in both hemispheres. In 

DJF and MAM, the area of high GW Ep is located more 

toward the north pole, while in JJA and SON, it shows a 

shift toward the south pole. In the case of height Band 3, 

all seasons have downward Ep trends and significant vari-

ability over the period from 2001 to 2022 (Fig. 13e). In 

addition, the GW activity in DJF and MAM is higher than 

that in SON and JJA.

Figures  14, 15, and 16 depict the seasonal varia-

tion of LRT-H, LRT-T, and LRT-P, respectively, over 

the period from June 2001 to June 2022. The LRT-H 

(Fig. 14a–d) is maximum over the tropics at 17 km and 

minimum at the poles around 7 km. In all seasons, the 

area covered by high tropopause in NH is wider than 

that in SH. In the SH, the LRT-H is bimodally distrib-

uted spatially in mid- and high-latitude regions in JJA 

and SON (Fig. 14c, d). The seasonal variation of LRT-H 

is evident in polar locations, reflecting the impact of the 

polar general circulation (Liu et al. 2014). The spatial 

Fig. 10  The first leading mode of covariability for the coupled fields 

of Ep in height Band 3 and LRT parameters. Ep and LRT-H (a, b, 

c), Ep and LRT-T (d, e, f), and Ep and LRT-P (g, h, i). The spatial 

patterns for the first paired mode of covariability (SVD1) of GW Ep 

(left), LRT parameters SVD1 (middle), and the time series of the 

expansion coefficients (SC1) for the paired mode of both GW Ep and 

LRT parameter (right)



2681Effect of global gravity wave activity on tropopause variation characteristics from multiple…

1 3

pattern of seasonally averaged LRT-H around the equa-

tor shows agreement with that of GW Ep at height Bands 

2 and 3 (Figs. 12 and 13). The LRT-H has increasing 

trends in all seasons (Fig. 14e). JJA has the maximum 

LRT-H upward trend, while MAM has the minimum 

LRT-H upward trend. Furthermore, the LRT-H val-

ues in JJA and SON are higher than those in DJF and 

MAM. The spatial pattern of seasonally averaged LRT-T 

(Fig. 15a–d) is minimum at the tropics around 188 K 

and maximum at mid- and high-latitudes around 227 K. 

In all seasons, LRT-T exhibits a clear bimodal pattern 

in the SH. The spatial pattern of LRT-T over the high 

latitudes of both hemispheres widely agrees with that of 

GW Ep at height Band 2 (Fig. 12). The spatial pattern 

of seasonally averaged LRT-P (Fig. 16a–d) is minimum 

at the tropics around 90 hPa and maximum at mid- and 

high latitudes around 360 hPa. The seasonal spatial pat-

tern of LRT-P agrees with that of LRT-T but is opposite 

that of LRT-H. The spatial pattern of LRT-P over the 

high latitudes of both hemispheres is widely consistent 

Fig. 11  Global spatial distribution of seasonal GW Ep variations at height Band 1 averaged from 2001 to 2022 (a–d) and time series for GW Ep 

at height Band 1 of all seasons from 2001 to 2022 (e)



2682 M. Darrag et al.

1 3

with that of GW Ep at height Band 2 (Fig. 12). The 

LRT-P has decreasing trends in all seasons (Fig. 16e). 

JJA has the maximum LRT-P downward trend, while 

MAM has the minimum LRT-P downward trend. The 

seasonal trends of LRT-P (Fig.  16e) inversely agree 

with those of LRT-H (Fig. 14e). The values of LRT-T 

(Fig. 15e) and LRT-P (Fig. 16e) in DJF and MAM are 

higher than those of JJA and SON, showing consistency 

with the GW Ep at height Band 2. The results of LRT 

parameter seasonal patterns are in line with those of 

Son et al. (2011) and Liu et al. (2014).

4  Conclusions

The GNSS-RO is an exceptional atmospheric sounding tech-

nique for deriving atmospheric temperature structures. In 

this study, the relationship between GW activity, in terms 

Fig. 12  Global spatial distribution of seasonal GW Ep variations at height Band 2 averaged from 2001 to 2022 (a–d) and time series for GW Ep 

at height Band 2 of all seasons from 2001 to 2022 (e)
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of Ep, and the LRT parameters is widely investigated for 

the first time using data from 12 GNSS-RO missions for the 

period June 2001 to June 2022. Many studies have reported 

that the tropopause parameters are important in climate 

change research because their variability is highly related 

to the phenomenon of global warming (Sausen and Santer 

2003; Seidel and Randel 2006; Mohd Zali and Mandeep 

2019). Our study results indicate that the global LRT-H 

has increased by about 30 m/decade, and the LRT-T has an 

upward trend of 0.13 k/decade. On the other hand, LRT-P 

has a downward trend of − 0.76 hPa/decade.

The GW activity, in terms of Ep, is maximum in height 

Band 1 with an upward trend of about 0.62 J/kg per decade. 

In addition, in height Band 2, the GW Ep shows an increas-

ing trend of about 0.18 J/kg per decade. In the case of height 

Band 3, the GW Ep is minimum with a downward trend 

of about − 0.17 J/kg per decade. The high GW Ep in Band 

1 is attributed to the fact that most of the GW-generating 

Fig. 13  Global spatial distribution of seasonal GW Ep variations at height Band 3 averaged from 2001 to 2022 (a–d) and time series for GW Ep 

at height Band 3 of all seasons from 2001 to 2022 (e)
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sources are located in the troposphere. In height Band 2, 

the GW Ep has the strongest correlation coefficients with 

the LRT parameters (H, T, and P), which are about − 0.52, 

0.76, and 0.6, respectively. Under the LRT level, the GW 

Ep increases over the period June 2001 to June 2022, which 

may indicate an increase in the atmosphere’s instability and 

turbulence caused by changes in the activity of one or more 

GW-generating sources. The increase of GW activity under 

the LRT level matches that of LRT-H; thus, our results sup-

port those of Yu et al. (2019), who indicated that, at mid- 

and high-latitudes, LRT was lifted and became cooler when 

the atmospheric GWs propagated through the tropopause 

from the troposphere to the stratosphere.

The spatial–temporal analysis of LRT parameters 

and GW activity at all height bands, applying EOF, 

shows that there are significant positive correlation 

coefficients among PC1 of all LRT parameters and that 

of GW Ep at all height levels. The results of the EOF 

(PCA) analysis clarify the close effect of GW activity on 

tropopause parameters. The first leading mode of spatial 

variability, EOF1, of GW Ep has different spatial pat-

terns upward from height Bands 1–3. On the relation 

Fig. 14  Global spatial distribution of seasonal LRT-H variations averaged from 2001 to 2022 (a–d) and time series for LRT-H of all seasons 

from 2001 to 2022 (e)
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between EOF1 of LRT parameters and that of GW Ep at 

different levels, the EOF1 of Ep in Band 2 agrees with 

that of LRT parameters, with variability modes of the 

same sign for both LRT-T and LRT-P and of the oppo-

site sign in the case of the LRT-H. The WTC analysis 

between the leading mode (PC1) of GW Ep at all height 

bands and that of LRT parameters clarifies that the GW 

Ep and LRT parameters are in phase. GW activity at 

Band 1 and Band 2 has a high level of correlation with 

LRT parameters at different time scales along the study 

period. LRT-T has the highest coherence with GW Ep, 

especially at height Band 2. The results of the SVD anal-

ysis depict that for the GW Ep at all levels, the SC1 for 

the temporal variability paired mode of Ep and all LRT 

parameters is dominated by inter-annual oscillations. In 

addition, SC1 of Ep at all height bands has a signifi-

cant positive correlation with that of LRT parameters. 

Moreover, the first coupled mode of spatial variability, 

Fig. 15  Global spatial distribution of seasonal LRT-T variations averaged from 2001 to 2022 (a–d) and time series for LRT-T of all seasons from 

2001 to 2022 (e)



2686 M. Darrag et al.

1 3

SVD1, demonstrates that the GW Ep at Band 2 is char-

acterized by observed fluctuations that are accompanied 

by observed fluctuations of the same sign in the cases of 

LRT-T and LRT-P and fluctuations of the opposite sign 

in the case of LRT-H. The SVD analysis results indicate 

that the pattern of the combined Ep and LRT parameters 

is highly coupled in height Band 2. Both global GW Ep 

and LRT parameters have a clear seasonal variation. The 

LRT parameters have seasonal pattern that is consist-

ent with that of GW Ep at height Band 2. All analysis 

results affirm that the variability, coherence, and covari-

ability of LRT parameters are connected and related to 

GW activity in height Band 2 (lower stratosphere) more 

than Band 1 and Band 3. In conclusion, the interaction 

between global GW activity and tropopause character-

istics is clearly evident.
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