Atmos. Chem. Phys., 25, 12357-12378, 2025 Atmospheric
https://doi.org/10.5194/acp-25-12357-2025 :

© Author(s) 2025. This work is distributed under Chemls.try
the Creative Commons Attribution 4.0 License. and Physics

Modulation of tropical stratospheric gravity wave activity
and the ITCZ position by modes of climate variability
using radio occultation and reanalysis data

Toyese Tunde Ayorinde', Cristiano Max Wrasse', Hisao Takahashi!, Luiz Fernando Sapucci?,

Mohamadou A. Diallo?, Cosme Alexandre Oliveira Barros Figueiredo*, Diego Barros!',

Ligia Alves da Silva', Patrick Essien’, and Anderson Vestena Bilibio*

1Space Weather Division, National Institute for Space Research (INPE), Sao José dos Campos, SP, Brazil
’Instituto Nacional de Pesquisas Espaciais (INPE), Centro de Previsio de Tempo e Estudos Climaticos,
Rodovia Presidente Dutra, km 40, Cachoeira Paulista, SP, Brazil
3nstitute of Climate and Energy Systems — Stratosphere (ICE-4), Forschungszentrum Jiilich GmbH,
52428 Jiilich, Germany
4Unidade Académica de Fisica, Universidade Federal de Campina Grande, Campina Grande, PB, Brazil
Department of Physics, Meteorology and Atmospheric Research Lab,
University of Cape Coast, Cape Coast, Ghana

Correspondence: Toyese Tunde Ayorinde (toyese.ayorinde @inpe.br)

Received: 20 December 2024 — Discussion started: 31 January 2025
Revised: 10 July 2025 — Accepted: 10 July 2025 — Published: 8 October 2025

Abstract. The Intertropical Convergence Zone (ITCZ) is a dominant feature of tropical climate characterized
by intense convection that influences global atmospheric circulation and serves as a primary source of strato-
spheric gravity waves (GWSs), which transport energy and momentum vertically through the atmosphere. This
study investigates the modulation of the tropical ITCZ position and stratospheric gravity wave activity by the El
Nifio—Southern Oscillation (ENSO), the Madden—Julian Oscillation (MJO), and the Quasi-Biennial Oscillation
(QBO) using 11 years (2011-2021) of radio occultation and reanalysis data. ITCZ latitude (from 850 hPa refrac-
tivity) and gravity wave potential energy maxima (from stratospheric temperatures) were identified via Gaussian
fitting. Both ITCZ and gravity wave potential energy maxima exhibit coherent seasonal migration (~ 10 and
~ 5° latitudinal shifts, respectively), with potential energy maxima typically equatorward of the ITCZ. ENSO
is the primary modulator: El Nifio conditions shift the ITCZ northward in the American sector but southward
in the African and Asian sectors. For gravity wave potential energy maxima, El Nifio induces southward shifts
in the American sector but northward shifts in the Asian sector, while enhancing overall GW activity. The MJO
prompts regionally complex southward shifts in the ITCZ/potential energy maxima. The QBO predominantly
influences gravity wave potential energy, with westerly phases associated with southward shifts in the potential
energy maxima in the African and Asian sectors. While long-term latitudinal trends are weak, climate modes
significantly impact ITCZ/GW peak values. The radio occultation data captured finer-scale features than reanaly-
sis products, highlighting the importance of observational constraints in understanding troposphere—stratosphere
coupling mechanisms.
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1 Introduction

The tropical atmosphere is characterized by complex inter-
actions between convective processes, large-scale circula-
tion patterns, and wave dynamics that collectively influence
global weather and climate. At the heart of this system lies
the Intertropical Convergence Zone (ITCZ), a narrow band
of intense convection and precipitation that forms where the
northeast and southeast trade winds converge near the Equa-
tor (Schneider et al., 2014). The ITCZ not only serves as a
key component of the global circulation system but also acts
as a significant source of atmospheric gravity waves (GWs)
that transport energy and momentum vertically through the
atmosphere (Pfister et al., 1993; Pfenninger et al., 1999;
Alexander et al., 2004; Dias and Pauluis, 2009; Kerns and
Chen, 2018).

GWs are small-scale atmospheric oscillations that play a
crucial role in connecting different atmospheric layers (Fritts
and Alexander, 2003; Alexander et al., 2010). In the tropics,
these waves, mainly generated by deep convection and flow
over topography (Alexander and Vincent, 2000; Alexander
et al., 2000; Smith et al., 2020), propagate into the strato-
sphere and beyond, influencing circulation patterns such as
the Brewer—Dobson circulation and the Quasi-Biennial Os-
cillation (QBO) (Baldwin et al., 2001; Ern et al., 2014). The
potential energy (Ep) of these waves serves as a valuable
proxy for GW activity (Tsuda et al., 2000; Ayorinde et al.,
2023).

Three major modes of climate variability significantly in-
fluence the tropical atmosphere: the Madden—Julian Oscil-
lation (MJO), the El Nifio—Southern Oscillation (ENSO),
and the QBO. These modes modulate both the position and
intensity of the ITCZ (Minnich and Neelin, 2005; Kerns
and Chen, 2018; Jin et al., 2023; Adam et al., 2016; Ma-
malakis et al., 2021) and affect the generation and propa-
gation of stratospheric GWs through various mechanisms.
Characterized by eastward-propagating convective anoma-
lies with a 30-90d periodicity, the MJO can enhance GW
activity through increased convection (Zhang, 2005; Alexan-
der et al., 2018; Wei et al., 2024; Moss et al., 2016; Kang
et al., 2020). ENSO alters the Walker circulation (an east—
west atmospheric circulation along the Equator, with rising
air over the warm western Pacific and sinking air over the
cooler eastern Pacific) and shifts the regions of maximum
convection in the tropical Pacific (Wang et al., 2016), af-
fecting GW generation and propagation through changes in
background winds and temperatures (Konopka et al., 2016;
Diallo et al., 2019; Geller et al., 2016; Yang et al., 2020).
With its alternating easterly and westerly wind regimes in the
equatorial stratosphere, the QBO directly influences the ver-
tical propagation of GWs through critical-level filtering and
wave—mean flow interactions (Diallo et al., 2019, 2021; Ern
et al., 2014; Alexander et al., 2018). Recent research has also
revealed a relationship between the QBO and MJO amplitude
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during boreal winter (Klotzbach et al., 2019), further high-
lighting the interconnected nature of these climate modes.

The ITCZ position varies seasonally, typically following
the region of maximum solar heating with a delay of 1-
2 months, moving north during boreal summer and south
during boreal winter (Waliser and Gautier, 1993; Bain et al.,
2011). Several methods have been developed to identify and
track the ITCZ, including those based on precipitation max-
ima (Waliser and Gautier, 1993), outgoing long-wave radia-
tion (OLR) minima (Waliser and Gautier, 1993; Bain et al.,
2011), surface wind convergence (Zheng et al., 2013), and
specific humidity distributions (Ldderach and Raible, 2013).
More recently, Basha et al. (2015) demonstrated that atmo-
spheric refractivity derived from measurements of radio oc-
cultation (RO) of the Global Navigation Satellite System
(GNSS) provides an effective means to locate the ITCZ.
RO is a limb-sounding technique that provides high-vertical-
resolution profiles of atmospheric parameters with global
coverage and all-weather capability (Kursinski et al., 1997;
Anthes et al., 2008). The technique measures the bending
of the GNSS signals as they pass through the atmosphere,
from which vertical profiles of refractivity can be derived.
In the lower troposphere, refractivity is primarily sensitive
to water vapour, making it an excellent tracer for moisture-
related features such as the ITCZ. In the stratosphere, tem-
perature profiles derived from RO measurements can be used
to study GW activity through the calculation of potential en-
ergy (Tsuda et al., 2000; Schmidt et al., 2008).

Although numerous studies have examined the relation-
ship between tropical convection and stratospheric GW ac-
tivity (Ratnam et al., 2004; Alexander et al., 2008) and the
influence of climate modes on GWs (Ern et al., 2014; Moss
et al., 2016; Liu et al., 2017; Godoi et al., 2020; Diallo
et al., 2021), fewer have explicitly linked the detailed struc-
ture and variability in the ITCZ with stratospheric GW activ-
ity and their joint modulation by climate modes. This study
addresses this gap using RO data — from the first and sec-
ond Constellation Observing System for Meteorology, Iono-
sphere, and Climate (COSMIC-1 and COSMIC-2) and Me-
teorological Operational Satellite (MetOp) satellites — and
ERAS and NCEP reanalysis data to investigate the relation-
ship between the ITCZ and stratospheric GWs, as well as the
influence of climate variability modes on both phenomena.
The objectives of our study are aimed at addressing the fol-
lowing research questions:

1. How do the positions of the ITCZ and stratospheric GW
E, maxima vary seasonally and interannually between
different geographical regions?

2. What is the spatial relationship between the ITCZ and
stratospheric GW activity in the tropics?

3. How do climate variability modes (MJO, ENSO, and
QBO) modulate the ITCZ position and stratospheric
GW activity?
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4. Are there regional differences in how these aforemen-
tioned climate modes influence the ITCZ and strato-
spheric GWs?

To address these questions, we employ a Gaussian fitting
method to identify the latitudinal positions of the ITCZ and
GW E,, maxima, and we use multilinear regression to anal-
yse the effects of MJO, ENSO, and QBO on these parame-
ters. Our approach allows us to quantify the specific contri-
butions of each climate mode to the variability in the ITCZ
and GW E,, characteristics.

The paper is organized as follows: Sect. 2 describes the
data sources and methodology, including the calculation of
atmospheric refractivity, GW E, the identification of the
ITCZ and E, maxima, and the regression analysis approach;
Sect. 3 presents the results, focusing on climatology, sea-
sonal and interannual variations, and modulation by climate
modes; Sect. 4 discusses the physical interpretation of the
findings and compares them with previous work; and, finally,
Sect. 5 summarizes the key conclusions and suggests direc-
tions for future research.

2 Data and methodology

2.1 Data sources

This study utilizes reprocessed dry temperature profiles from
COSMIC-1 and COSMIC-2, which are satellite missions
that use RO to provide high-precision atmospheric data, and
MetOp (a, b, ¢) satellite measurements (hereafter collectively
referred to as RO data) for the period from January 2011
to December 2021. COSMIC-1 was launched in 2006 with
six microsatellites providing approximately 1500 RO profiles
per day. COSMIC-2 GNSS RO system generates approxi-
mately 5000-7000 RO profiles per day, providing extensive
global coverage for atmospheric analysis with high preci-
sion and vertical resolution. MetOp (a, b, ¢) are European
polar-orbiting weather satellites operated by the European
Organization for the Exploitation of Meteorological Satel-
lites. Launched in 2006, 2012, and 2018, respectively, they
provide high-resolution data for weather forecasting, climate
monitoring, and atmospheric research.

The level-2 atmospheric profile data (atmPrf) of the RO
dataset are processed operationally in near-real time with-
out moisture information. Each atmPrf file contains high-
resolution profiles of physical parameters including dry pres-
sure, dry temperature, refractivity, bending angle, impact pa-
rameters, and geometric height above mean sea level. All
RO data were retrieved from the COSMIC Data Analysis
and Archive Center (CDAAC) website (http://cdaac-www.
cosmic.ucar.edu/cdaac/products.html, last access: 10 August
2023).

Figure 1 presents the total number of temperature pro-
files (atmPrf) and refractivity profiles (wetPrf) per year used
in this study. The number of profiles exceeded 2 million in
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Figure 1. Annual statistics of available COSMIC-1, COSMIC-
2, and MetOp temperature and refractivity profiles between 2011
and 2021. COSMIC-1 profiles are shown in red, MetOp profiles in
green, and COSMIC-2 profiles in blue. The profiles highlighted in
the red oval were randomly selected to generate the example analy-
ses in Fig. 2.

2020 and 2021, primarily due to the launch of COSMIC-
2 in June 2019, which resulted in a daily average of more
than 5000 profiles. COSMIC-2 provides significantly more
profiles than COSMIC-1 because it consists of six satellites,
compared to COSMIC-1’s single satellite, and uses improved
receiver technology that allows for more frequent and reli-
able occultation measurements. The inclusion of data from
2020 and 2021 substantially increases the dataset size, which
presumably enhances the statistical robustness of our find-
ings, although a formal sensitivity analysis was not con-
ducted. The RO data have a vertical resolution of approx-
imately 100m in the lower troposphere to about 1km in
the stratosphere, with an accuracy of 0.1-0.2 K for tempera-
ture measurements in the upper troposphere and lower strato-
sphere (Kursinski et al., 1997).

To validate the RO data and provide additional context for
our analysis, we also used temperature and relative humidity
data from two reanalysis products:

1. ECMWF Reanalysis v5 (ERAS) (https://www.ecmwf.
int/en/forecasts/dataset/ecmwf-reanalysis-v5, last ac-
cess: 12 July 2024). ERAS is the latest climate reanaly-
sis produced by ECMWF, providing hourly data on at-
mospheric, land-surface, and sea-state parameters with
uncertainty estimates. It uses a latitude—longitude grid
with a spatial resolution of 0.25° x 0.25° and 137 ver-
tical levels from the surface to 0.01 hPa. For this study,
we used data on the 37 standard pressure levels avail-
able in the public dataset (Hersbach et al., 2020).

2. Reanalysis data of the National Centers for Environ-
mental Prediction/National Center for Atmospheric Re-
search (NCEP/NCAR) Reanalysis (https://psl.noaa.gov/
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data/reanalysis/reanalysis.shtml, last access: 12 July
2024). This dataset combines historical observations
with numerical simulations of weather models to pro-
vide 6-hourly and daily data from January 1948 to the
present. It has a spatial resolution of 2.5° x 2.5° with 17
pressure levels (Kalnay et al., 2018).

Furthermore, specific humidity, OLR, and vertical velocity
data were obtained from the NOAA Physical Sciences Lab-
oratory website (https://psl.noaa.gov/data/gridded/data.ncep.
reanalysis.html, last access: 12 July 2024) to provide context
for ITCZ identification.

2.2 Atmospheric refractivity as an ITCZ proxy

Atmospheric refractivity (N) in a neutral atmosphere is de-
fined as N = (n — 1) x 10°, where 7 is the refractive index. It
depends on pressure (P, hPa), temperature (7', K), and water
vapour pressure (e, hPa) (Smith and Weintraub, 1953):

Nk Dl vl ~7160 43351055, (1)
“hp TR TR T T T2

where Pq = P — e is the partial pressure of dry air and k1, k2,
and k3 are constants. The simplified form on the right is com-
monly used, combining dry and wet terms. In the lower tro-
posphere (e.g. 850 hPa), the wet term involving e dominates
the variability in N, making refractivity a good proxy for
moisture content and, thus, the convective activity associated
with the ITCZ (Basha et al., 2015). We used N derived di-
rectly from RO “wetPrf” profiles at 850 hPa. For ERAS and
NCEP, we calculate N at 850 hPa using their respective tem-
perature, pressure (implicitly through the 850 hPa level), and
humidity data via Eq. (1). Using refractivity allows for a con-
sistent proxy across RO and reanalysis, leveraging RO’s sen-
sitivity to moisture.

2.3 Calculation of gravity wave potential energy

To quantify GW activity in the stratosphere, we calculate
the potential energy (E}) per unit mass from RO tempera-
ture profiles. This approach follows established methodolo-
gies (Tsuda et al., 2000; Schmidt et al., 2008; Ayorinde et al.,
2023) and provides a robust measure of GW activity. The po-
tential energy is calculated as follows:

B = LAY 2
r=3(x) (?) ’ @
where g is the acceleration due to gravity (9.8 ms™2), N is
the Brunt—Viisild frequency, TL is the temperature perturba-
tion associated with GW, and T is the background temper-
ature profile. The temperature perturbation is calculated by

subtracting the background temperature from the observed
temperature:

T'=T-T. (3)
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The Brunt—Viiséla frequency, which characterizes the stabil-
ity of the atmosphere, is given by the following:

T
=548, )
T\dz Cp

where z is the altitude and C, is the specific heat capacity of
the dry air at constant pressure (1004 Jkg=™' K—1).

A critical challenge in calculating E), is the accurate sep-
aration of GW-induced temperature perturbations (7”) from
the background temperature field (T). Traditional methods
such as polynomial fitting, running means, or simple band-
pass filtering have significant limitations: they can introduce
artificial perturbations at the edges of filtering windows, can
fail to adapt to varying atmospheric conditions, and may
not effectively distinguish GWs from other types of waves
(Scherllin-Pirscher et al., 2021).

To address these limitations, we implement a more so-
phisticated approach using the continuous wavelet transform
(CWT) (Torrence and Compo, 1998; Moss et al., 2016). Our
procedure consists of the following steps: we first interpo-
late the raw temperature profiles from RO measurements
into a regular vertical grid with 100 m intervals from 10 to
50 km altitude. The profiles are grouped into spatial cells of
20° x 10° (longitude x latitude), and the mean temperature
profile is calculated for each cell. This spatial averaging helps
reduce noise and provides more robust estimates of the back-
ground state. We apply a CWT with a Morlet wavelet to each
mean temperature profile. The CWT decomposes the tem-
perature profile into components on a spectrum of vertical
scales. The background temperature (T) is reconstructed by
including only components with vertical wavelengths longer
than 10 km, effectively separating the large-scale background
structure from smaller-scale wave perturbations. This back-
ground temperature is then interpolated back to the positions
of the original temperature profiles and subtracted from the
raw temperature profile using Eq. (3) to obtain the tempera-
ture perturbations (7). Finally, £, is calculated using Eq. (2)
at various altitudes, with our analysis focusing mainly on
20 km altitude, where the quality of RO data is high and the
influence of tropospheric water vapour is negligible.

A significant methodological consideration is the poten-
tial interference in GW signals from other wave types, par-
ticularly equatorial Kelvin waves, which can have vertical
wavelengths that overlap with the GW spectrum (typically
2-10km for GW vs. 5-15 km for Kelvin waves) (Alexander
etal., 2010; Wheeler and Kiladis, 1999). To minimize this in-
terference, we implement an additional filtering step that tar-
gets the characteristic properties of Kelvin waves: eastward
propagation, zonal wavenumbers 1-3, and periods of 4-23d
(Alexander et al., 2008). This approach enables the isolation
of GW disturbances from other types of waves. However, a
certain amount of residual interference near the Equator can-
not be entirely ruled out by analysing the 1D profile alone.

https://doi.org/10.5194/acp-25-12357-2025


https://psl.noaa.gov/data/reanalysis/reanalysis.shtml
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html

T. T. Ayorinde et al.: Modulation of tropical stratospheric GWs and the ITCZ by climate variability modes

Our CWT-based method offers several advantages over
simpler filtering techniques. First, it adapts to varying at-
mospheric conditions rather than applying fixed cutoffs.
Second, it minimizes edge effects that can introduce arti-
ficial perturbations. Third, it provides better separation of
wave types based on their scale characteristics. These advan-
tages are particularly important when analysing GW activ-
ity across different seasons and geographical regions, where
background conditions and wave properties can vary signif-
icantly. The resulting E}, values represent the energy den-
sity associated with GWs and serve as our primary metric for
GW activity in the stratosphere. This approach can resolve
GWs with vertical wavelengths greater than approximately
2km (twice the vertical resolution of the interpolated pro-
files) and less than 10 km (the cutoff used to separate back-
ground and perturbation components). This range captures
most stratospheric GWs while also minimizing contamina-
tion from larger-scale waves and smaller-scale noise. The re-
sults are shown primarily for 20 km altitude. Using tempera-
ture profiles for E}, calculation is a standard practice for the
stratospheric GW analysis of RO data (e.g. Alexander et al.,
2008; Namboothiri et al., 2008).

2.4 Method for identifying the ITCZ and maximum Ep
locations

To objectively determine the latitudinal positions of the ITCZ
and stratospheric GW potential energy maxima, we applied a
Gaussian fitting approach similar to that employed by Lader-
ach and Raible (2013). This method identifies the peak po-
sitions in the meridional distributions of refractivity for the
ITCZ and E, for GW activity. We first gridded the RO and
reanalysis data at a global 2° x 2° (longitude x latitude) res-
olution. To minimize the effects of orography and irregular
boundary layers, we calculated mean values for both refrac-
tivity and Ej at each 10° longitude band across all latitudes.
This preprocessing was applied to monthly averages of re-
fractivity at 850 hPa (serving as our ITCZ proxy) and E|, at
20 km altitude (representing stratospheric GW activity).

For each longitude A and month ¢, we fit a Gaussian func-
tion to the latitudinal distribution of refractivity or E, be-
tween 30° S and 30° N. The fitting function takes the follow-
ing form:

(¢ — Pmax(X, r>)2>

f(@, A, t)=A(X, t)exp (— 012

+ B(A, 1),

&)

where ¢ is latitude, ¢pmax (X, t) represents the latitudinal posi-
tion of the peak ITCZ or E}, maximum, A(A, t) is the ampli-
tude indicating the strength of the feature, o (A, ) is the width
parameter representing the meridional extent, and B(X,t) is
the background value.

To perform the Gaussian fitting using a nonlinear least-
squares method with several constraints to ensure physically
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meaningful results, the following steps were taken. First, the
fit was restricted to the tropical latitude band (30° S—30° N)
to focus on the primary ITCZ and GW activity regions. Sec-
ond, a minimum coefficient of determination (R?) value of
0.7 was required for a valid fit, ensuring that the Gaussian
model adequately represented the data, and the standard de-
viation of the Gaussian (o) was restricted to be between 5
and 15° to exclude unrealistically narrow or wide distribu-
tions.

The method is particularly effective for identifying the
ITCZ in regions where it forms a well-defined band, such
as over the open oceans. However, it may be less reliable
in regions with complex convective patterns, such as over the
Maritime Continent, or in areas with double-ITCZ structures.
In such cases, the fit identifies the dominant peak, which typ-
ically corresponds to the stronger convective zone. By ap-
plying this consistent methodology to the refractivity and Ej
distributions, we can directly compare the latitudinal posi-
tions and characteristics of the ITCZ and stratospheric GW
activity, allowing analysis of their spatial relationships and
temporal covariability.

To illustrate this approach, Fig. 2 shows the application of
our method for a specific longitude (76° W) in 2016, show-
ing the latitudinal distributions of refractivity and E}, during
December—January—February (DJF) and June-July—August
(JJA), together with their respective Gaussian fits.

Both refractivity and E}, show similar latitudinal distribu-
tions, with peaks near the Equator during DJF and a north-
ward shift to approximately 15° N during JJA. This seasonal
migration is consistent with the expected movement of the
ITCZ following the region of maximum solar heating. The
close correspondence between refractivity and Ej, distribu-
tions suggests that the ITCZ and stratospheric GW activity
are closely linked, with GWs likely generated by deep con-
vection within the ITCZ.

2.5 Trend analysis method

To investigate the modulation by climate variability modes,
we use the following standard indices: the multivari-
ate ENSO index version 2 (MEILv2), shown in Fig. 3a,
obtained from the NOAA Physical Sciences Laboratory
(https://psl.noaa.gov/enso/mei/, last access: 12 July 2024).
We use monthly values derived from the bimonthly in-
dex (Wolter and Timlin, 2011). Positive values indi-
cate El Niflo conditions, whereas negative values indi-
cate La Nifla conditions. The real-time multivariate MJO
(RMM) index is shown in Fig. 3b (Wheeler and Hen-
don, 2004). We used the monthly amplitude, calculated

as \/ RMM 12 +RMM22, obtained from the Australian Bu-
reau of Meteorology (http://www.bom.gov.au/climate/mjo/
graphics/rmm.74toRealtime.txt, last access: 12 July 2024).
Higher amplitude indicates stronger MJO activity. For the
QBO, we used the monthly mean zonal winds at 30 hPa
(~24km) and 50hPa (~ 21km) from radiosonde observa-
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Figure 2. Latitudinal distribution of (a) refractivity (N) and
(b) gravity wave potential energy (Ep, J kg~!) at 76°W during
December—January—February (DJF, blue) and June-July—August
(JJA, red) in 2016. Thick lines show the Gaussian fits used to de-
termine the latitudinal positions of the ITCZ and Ep maxima.

tions over Singapore, as illustrated in Fig. 3c. These data
were obtained from the Karlsruhe Institute of Technology’s
Atmosphere and Climate Data Hub (https://www.atmohub.
kit.edu/english/807.php, last access: 8 August 2025). To re-
move regression uncertainty, the QBO zonal wind data at 30
and 50 mbar were normalized. These modes of climate vari-
ability are presented in Fig. 3, which shows the reference
time series used in the regression analyses.

To analyse trends in the ITCZ position and GW activity
and their relationships with climate variability modes, we
employed a multivariate linear regression (MLR) approach
(Wolter and Timlin, 2011; Li et al., 2013; Ayorinde et al.,
2024). This method allows us to determine the relationship
between a dependent variable (e.g. ITCZ position or E}) and
multiple independent variables (e.g. time, ENSO, MJO, and
QBO indices). The MLR equation is formulated as follows:

W(t; ;) = 1+ apt; j +ar - QBO3ghpa(ti, ;)
+az - QBOsgp,(#, ) + a3 - MJO(1; ;)
+ a4 - ENSO(; ;) + Residual ,
with i =2011,2012,...,2021; and, j =1,2,...,12,

(6)
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where W represents the monthly zonal mean value of the pa-
rameter of interest (ITCZ position, E}, maxima position, re-
fractivity value, or E,, value); ¢; ; denotes the time in months
(where i is the year and j is the month); u represents a con-
stant term; o represents the linear trend over time; and o
through a4 represent the regression coefficients for the nor-
malized QBO at 30 hPa, normalized QBO at 50 hPa, MJO,
and ENSO indices, respectively. The residual term repre-
sents the unexplained variance in the regression model. The
standard deviation and p value for each coefficient were es-
timated using the variance—covariance matrix and Student’s
t test (Kutner et al., 2004; Mitchell et al., 2015). A p value
threshold of 0.05 was used to determine statistical signifi-
cance.

3 Results

3.1 Climatology and seasonal variability in the ITCZ and
GW Ep

First, we examine the mean spatial distribution and seasonal
variation in the ITCZ proxy (refractivity at 850hPa) and
stratospheric GW activity (E}, at 20 km). Figure 4 shows the
global distribution of refractivity values at 850 hPa from RO,
ERAS, and NCEP data for 2021, integrated over a 2° x 2°
(longitude x latitude) grid. All three datasets effectively cap-
ture the ITCZ as a band of enhanced refractivity near the
Equator, which shifts seasonally between hemispheres. Con-
sistent with known climatology, the ITCZ is located predomi-
nantly in the Southern Hemisphere (SH) during DJF (Fig. 4a,
¢, and e) and shifts significantly into the Northern Hemi-
sphere (NH) during JJA (Fig. 4b, d, and f). Maximum re-
fractivity values are typically found over tropical landmasses
(South America, Africa, and the Maritime Continent) and
warm ocean pools (western Pacific).

Although the overall patterns are similar, RO-derived re-
fractivity (Fig. 4a and b) generally shows slightly lower peak
values (range ~ 260-290 N) compared to ERAS5 and NCEP
(range ~ 240-310N), particularly noticeable in the reanaly-
sis maxima (circled regions). These differences likely result
from variations in spatial resolution, observational coverage,
and data assimilation techniques between satellite-based RO
measurements and model-based reanalysis products. The RO
data show finer-scale structures and stronger gradients com-
pared to the reanalyses, particularly in regions with complex
topography or limited conventional observations.

Figure 5 presents the global distribution of the GW po-
tential energy (Ep) at 20km altitude for DJF and JJA in
2021, derived from RO temperature profiles. Elevated E}, val-
ues (~ 5-15Tkg™") are concentrated in the tropics and sub-
tropics, broadly overlapping with the regions of high con-
vective activity suggested by the refractivity maps. The E,
field shows distinct seasonal patterns with several key fea-
tures. First, there is an equatorial band of enhanced Ej, that
shifts seasonally between hemispheres, broadly following

https://doi.org/10.5194/acp-25-12357-2025
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the ITCZ. During DJF (Fig. 5a), high E}, values are observed
in equatorial South America, Africa, and the western Pacific.
During JJA (Fig. 5b), the regions of enhanced Ej, shift north-
ward, with pronounced features over Central America, the
Sahel region, and South Asia. Second, there are strong E,
values in the winter hemisphere middle to high latitudes, par-
ticularly in the Northern Hemisphere during DJF. This fea-
ture is associated with the polar night jet, which allows more
efficient vertical propagation of GWs generated by various
sources, including orography and jet streams. Third, there are

https://doi.org/10.5194/acp-25-12357-2025

localized E}, enhancements on major mountain ranges, such
as the Andes, Rockies, and Himalayas, which are persistent
sources of orographic GWs. Distinct features of JJA are the
high E, values over the southern Andes (30-50°S), which
diminish eastward, likely associated with orographic moun-
tain waves generated by the north—south orientation of the
Andes and the strong westerly jet in this region (Alexander
et al., 2010). Lastly, there is a notable equatorial maximum
over the western Pacific was observed during both seasons,
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which is likely associated with persistent deep convection in
this region.

The spatial patterns in Fig. 5 are broadly consistent with
previous global GW climatologies derived from RO (e.g.
Tsuda et al., 2000; Ratnam et al., 2004; Schmidt et al., 2016).
The spatial correlation between tropical E, maxima and the
high-refractivity regions associated with the ITCZ (Fig. 4)
suggests a direct link between tropospheric convection and
stratospheric GW activity. However, the Ej, distribution also
shows features that are not directly related to the ITCZ, indi-
cating the importance of other GW sources and propagation
conditions.

To quantitatively analyse the relationship between the
ITCZ and stratospheric GW activity, we applied the Gaus-
sian fitting method described in Sect. 2.4 to identify the lat-
itudinal positions of the ITCZ (using refractivity) and the
maximum GW potential energy. Figure 6 shows the longi-
tudinal variation in these peak locations averaged over the
11-year period (2011-2021) for DJF and JJA. The mean po-
sition of the ITCZ (Fig. 6a) clearly shows the seasonal shift:
located around 5-10° S during DJF (green lines) and shift-
ing to 5-15° N during JJA (red lines). The magnitude of the
shift varies with longitude, being largest over Africa and the
Indian Ocean (approximately 15-20° latitudinal shift). RO
(solid lines), ERAS (dashed), and NCEP (dotted lines) gener-
ally show good agreement with respect to the mean position
of the ITCZ, although there are some regional differences,
particularly the somewhat smoother structure of the NCEP,
due to its coarser resolution.

The mean location of the stratospheric E, maximum
(Fig. 6b) also shows a clear seasonal migration, generally
following the ITCZ shift but with some notable differences.
The peak Ej}, (solid green/red lines) tends to stay closer to
the Equator compared to the ITCZ proxy, especially dur-
ing JJA over the Atlantic and Africa. The latitudinal sepa-
ration between the DJF and JJA E}, peaks is typically smaller
(~5-10°) than the ITCZ shift (~ 10-20°). This suggests
that, while convection associated with the ITCZ is a primary
source, the observed stratospheric GW maximum is also in-
fluenced by propagation effects (including horizontal propa-
gation) and potentially filtering by stratospheric winds, lead-
ing to a peak location that does not perfectly mirror the tro-
pospheric source region (Alexander et al., 2010).

To further explore the relationship between the ITCZ, E,
and other meteorological fields often associated with convec-
tion, Fig. 7 compares the mean ITCZ and E;, maxima loca-
tions with specific humidity, vertical velocity, and OLR. The
high specific humidity (Fig. 7a and b) aligns well with the
ITCZ location derived from refractivity (cyan line), confirm-
ing the moisture-based proxy. The ITCZ position generally
aligns well with regions of maximum specific humidity, par-
ticularly over the oceans, consistent with the ITCZ’s charac-
teristic as a zone of convergence. Regions of strong upward
motion (negative vertical velocity; Fig. 7c and d) and low
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OLR (contours in Fig. 7a, b, e, and f), both indicative of deep
convection, also generally coincide with ITCZ.

The mean E}, maximum location (magenta line) is often
located equatorward or slightly poleward of the peak con-
vective indicators, again highlighting the role of propagation
and potentially wave filtering. For example, in South Amer-
ica in JJA (Fig. 7d and 1), the E, maximum appears some-
what south of the main ITCZ/convection band. Interestingly,
the E}, maxima position shows an even closer alignment with
the zero-vertical-velocity contour, particularly over the Pa-
cific and Atlantic oceans. This suggests that GW activity may
be enhanced not only by deep convection but also by the ver-
tical wind shear associated with the boundaries of convective
regions.

The E, distribution (Fig. 7e and f) exhibits clear seasonal
patterns, with high values concentrated in four main regions
during DJF: equatorial South America, Africa, the Maritime
Continent, and the western Pacific. During JJA, the regions
of enhanced E), shift northward, with notable concentrations
over the eastern part of Africa, the Asian monsoon region,
and the Indian and Pacific oceans. These maps visually con-
firm the linkage between the ITCZ’s convective activity and
enhanced stratospheric GW Ej,, while also hinting at com-
plexities beyond a simple one-to-one mapping.

3.2 Interannual variability and longitudinal structure of
trends

Beyond the seasonal cycle, we investigate the interannual
variability and long-term trends in the ITCZ and E, max-
ima locations and their peak values over the 11-year period.
Figure 8 (top panels) shows the year-to-year variations in the
peak locations for DJF and JJA. The ITCZ location (Fig. 8a)
exhibits interannual shifts of approximately 5-15°N and
S during the 11-year period, but the overall seasonal mi-
gration pattern remains dominant. The E, maximum loca-
tion (Fig. 8b) shows similar interannual variability, generally
tracking the ITCZ shifts but sometimes exhibiting indepen-
dent variations, especially noticeable over the Pacific Ocean
(120° E-120° W), which is strongly influenced by ENSO.
To quantify linear changes over the 11-year period, we ap-
plied the multilinear regression method described in Sect. 2.5
to calculate the trend coefficient () for the latitudinal po-
sition (¢max) of the ITCZ and E, maxima at each longitude
(Fig. 9). The longitudinal variation in the ITCZ position trend
(Fig. 9a) fluctuates around zero for RO, ERAS, and NCEP,
suggesting no globally coherent, statistically significant lin-
ear trend in the mean ITCZ latitude over this specific pe-
riod of 11 years. Trends vary across different longitudinal re-
gions, with generally positive values (0.060-0.130° latitude
per year) indicating a northward shift in the ITCZ over the
11-year period in some regions. Some regional variations ex-
ist, with slight positive (northward) tendencies in parts of the
American sector and slight negative (southward) tendencies
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over parts of the African sector in the ERAS data, although
confidence intervals are wide.

The longitudinal variation in the E, maximum position
trend (Fig. 9b) also shows fluctuations around zero, although
with a tendency towards positive trends in the African (~
0.072-0.170° latitude per year) and Asian sectors (~ 0.012—
0.010° latitude per year), indicating a northward shift in GW
activity. However, negative trends (~ —0.048° latitude per
year) are observed in the American sector around 60° W and
in the eastern Pacific, suggesting a southward shift in GW ac-
tivity in these regions. This regional variability in Ej, trends
may reflect differences in how climate variability modes af-
fect GW generation and propagation in different geograph-
ical areas. However, these trends are generally not statisti-
cally significant (from the error margin) in large longitudinal
bands (approximately 0—160° E) within the 11-year record.

Figure 9c shows the correlation coefficient between the
monthly time series of the ITCZ position (¢max,n) and the
Ep position (Pmax, Ep) at each longitude. Positive correla-
tions dominate globally, with particularly strong values in the
African and Asian sectors (up to ~ 0.60), indicating that in-
terannual shifts in the ITCZ location are often mirrored by
shifts in the stratospheric maximum E,. The correlation is
particularly strong (above 0.60) in the Asian monsoon re-
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gion, which is consistent with the prevalence of mesoscale
convective systems that are a significant source of gravity
waves (GWs) (Liu et al., 2017). In contrast, correlations
are markedly weaker over the eastern Pacific and Atlantic
oceans. This is physically consistent with the climatologi-
cal conditions in these areas, particularly the eastern Pacific,
which is known as a region of large-scale atmospheric subsi-
dence due to the descending branch of the Walker circulation.
This downwelling suppresses the deep convection necessary
for strong GW generation. Therefore, even when the ITCZ
is present, the relative lack of powerful convective sources
weakens the coupling between its position and the resulting
stratospheric GW activity. The lower correlations observed
from eastern South America to the western Pacific may also
be related to the influence of climate variability modes that
modulate both the ITCZ and regional GW activity.

Next, we examine the trends in the peak values (Qpeak)
of refractivity and E}, obtained from Gaussian fits. Figure 10
shows the 11-year seasonal mean zonal profiles of these peak
values. The peak refractivity values (Fig. 10b) show pro-
nounced longitudinal variations, with the highest values over
the western Pacific, the Maritime Continent, and South Asia
during JJA and over the Amazon, Central Africa, and the
western Pacific during DJF. These patterns reflect the regions

Atmos. Chem. Phys., 25, 12357—-12378, 2025
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of the most intense convection and convergence. The JJA val-
ues are generally higher than the DJF values, particularly in
the Asian monsoon region (60—120° E), indicating stronger
convergence during the summer of the Northern Hemisphere.
The American sector shows higher refractivity values during
JJA for all datasets, likely due to stronger winds in this re-
gion.

The peak E}, values (Fig. 10a) also show significant lon-
gitudinal variations, but with patterns that do not always
match those of refractivity. The highest E}, values occur over
the western Pacific and the Maritime Continent in both sea-
sons, with secondary maxima over the Amazon and Central

Atmos. Chem. Phys., 25, 12357-12378, 2025

Africa. Unlike refractivity, the DJF E, values are generally
higher than the JJA values in the western hemisphere (120-
0° W), while the opposite is true in the eastern hemisphere
(0-120° E). This seasonal asymmetry may reflect differences
in the efficiency of GW generation, propagation conditions,
or the influence of other GW sources. Higher E, values in
the African and Asian sectors during DJF and MAM may
be related to increased convective activity in these regions,
leading to the enhanced generation of GWs.

The interannual variability, indicated by the shaded ar-
eas (1 standard deviation), is substantial for both variables,
particularly in regions strongly affected by ENSO (120° E-

https://doi.org/10.5194/acp-25-12357-2025
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120° W). This variability motivates our regression analysis to
quantify the influence of climate modes.

The linear trends in these peak values are shown in Fig. 11.
The trend in peak refractivity (Fig. 11a) fluctuates near zero
in most longitudes for all datasets, indicating that there is no
significant trend in the intensity of the ITCZ peak during this
period. The American sector exhibits a slight positive trend
for RO and ERAS, with more significant variations in NCEP.
The African sector shows a slight positive trend for NCEP,
while RO and ERAS remain near zero. Over the oceans, the
trends are relatively small and stable in the Pacific and At-
lantic but more variable in the Indian Ocean, possibly due to
regional factors such as precipitation patterns.

In contrast, the trend at the peak E, (Fig. 11b) exhibits
a predominantly negative trend at most longitudes, suggest-
ing a potential decrease in stratospheric GW activity at the
peak over 2011-2021, although the trend is weak and the
confidence intervals often overlap zero. The negative trend is
particularly pronounced in the African and Asian sectors, in-
dicating a more significant reduction in GW activity in these
regions. This general decrease in GW activity over the 11-
year period may be related to changes in convective activity
or background atmospheric conditions.

Atmos. Chem. Phys., 25, 12357-12378, 2025

The correlation between monthly peak refractivity and
peak E}, values (Fig. 11c) is generally positive, particularly
over the American sector and parts of the Pacific, suggest-
ing that stronger ITCZ peaks are often associated with higher
stratospheric GW activity. However, the correlation is weaker
or more variable in the African and Asian sectors. In the
Pacific Ocean, the coefficients are generally positive, proba-
bly influenced by large-scale ocean—atmosphere interactions
such as ENSO. The Atlantic Ocean shows coefficients close
to zero, indicating a weak correlation, while the Indian Ocean
exhibits a positive but variable correlation.

3.3 Modulation by climate variability modes

We analyse the regression coefficients (¢, o2, o3, and o4
in Eq. 6) associated with ENSO (MEILv2), the amplitude of
MJO, and QBO (at 30 and 50 hPa), respectively. Figure 12
shows these coefficients for the latitudinal positions of the
ITCZ and E, maxima.

The ENSO coefficients (Fig. 12a and d) show the strongest
and most coherent signal among the climate modes. For
the ITCZ position (Fig. 12a), positive MELv2 values (El
Nifio conditions) are associated with a northward shift in the

https://doi.org/10.5194/acp-25-12357-2025
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American sector (approximately 0.5° latitude per unit ENSO
index) and a southward shift in the African and Asian sectors
(approximately —0.3 to —0.5° latitude per unit ENSO index).
This pattern is consistent across all three datasets, although
ERAS5 and NCEP show more variability than RO, particu-
larly in the African and Asian sectors. This pattern reflects
the well-known ENSO-induced changes in the Walker circu-
lation, with enhanced convection in the central and eastern
Pacific and suppressed convection over the Maritime Conti-
nent during El Nifio events.

The ENSO influence on the E, maximum position
(Fig. 12d) shows similar regional patterns, albeit with some
differences in magnitude and spatial structure. The coeffi-
cients vary longitudinally, with positive values (up to 0.5°
latitude per unit ENSO index) in parts of the Asian sector
and negative values (approximately —0.3 to —0.5° latitude
per unit ENSO index) in the American sector and parts of
the African sector. This indicates that during positive ENSO
phases (El Nifio), the E, maxima shift northward in much
of the Asian sector but southward in the American sec-
tor. These differences may reflect the complex interaction

https://doi.org/10.5194/acp-25-12357-2025

between ENSO-induced changes in convection and strato-
spheric circulation, which affects GW propagation.

The MJO coefficients (Fig. 12b and e) show more local-
ized and generally weaker influences than ENSO. For the
ITCZ position (Fig. 12b), the MJO coefficients indicate a
predominantly negative effect across most longitudes, with
the strongest signals in the African and Asian sectors. This
suggests that during active MJO periods (higher amplitude),
the ITCZ tends to shift southward in these regions by ap-
proximately —0.2 to —0.4° latitude per unit MJO index.
The pattern shows some variability across datasets, with RO
data exhibiting more pronounced negative coefficients in the
African sector compared to reanalysis products. The Mar-
itime Continent and western Pacific (90-150°E) show par-
ticularly strong MJO effects, where an increased MJO am-
plitude is associated with equatorward shifts. This pattern
is consistent with the enhanced equatorial convection during
active MJO phases.

For the £, maximum position (Fig. 12¢), the MJO coeffi-
cients show a more complex longitudinal pattern, with both
positive and negative values. The coefficients are predomi-
nantly negative in the African and Asian sectors (approxi-
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Figure 12. Longitudinal structure of regression coefficients relating climate variability modes to the ITCZ and Ep, maximum latitudinal
positions (¢max) over 2011-2021. (a—c) Regression coefficients for the ITCZ position from RO (solid), ERAS (dashed), and NCEP (dotted)
with (a) ENSO (MEIL.v2, red), (b) MJO amplitude (blue), and (¢) QBO at 30 (purple) and 50 hPa (green). (d-f) Regression coefficients for
the Ep maximum position with (d) ENSO (red), (¢) MJO amplitude (blue), and (f) QBO at 30 (purple) and 50 hPa (green). Units are degrees

latitude per index unit. Vertical shaded regions and lines are the same as in Fig. 9.

mately —0.2 to —0.4° latitude per unit MJO index), but they
show more variability in the American sector (with some
positive values). This suggests that during active MJO peri-
ods, the E, maxima generally shift southward in the eastern
hemisphere but may shift northward in parts of the western
hemisphere. This regional variation likely reflects the com-
plex interaction between MJO-related convective activity and

Atmos. Chem. Phys., 25, 12357-12378, 2025

atmospheric wave dynamics, which can vary significantly
with longitude due to differences in land—sea distribution and
background atmospheric conditions.

The QBO coefficients (Fig. 12c and f) show the weakest
influence on the ITCZ position (Fig. 12c), which is expected
given that QBO is primarily a stratospheric phenomenon.
The coefficients show minor but generally negative values
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across most longitudes, particularly for the QBO at 50 hPa.
The influence is most pronounced in the African sector, with
coefficients around —0.1 to —0.2° latitude per unit QBO in-
dex, and shows relatively small differences between datasets.
This suggests that during the westerly phase of the QBO, the
ITCZ tends to shift slightly southward, although the effect is
small compared to ENSO and MJO.

For the E, maximum position (Fig. 12f), the QBO shows
a more significant influence, with a distinct longitudinal pat-
tern. The coefficients for both 30 hPa and 50 hPa QBO are
near zero or slightly positive in parts of the American sector
but become negative in the African and Asian sectors (ap-
proximately —0.1 to —0.3° latitude per unit QBO index).
This indicates a southward shift in the E, maxima during
the westerly phase of the QBO in these regions. The QBO at
30hPa generally shows stronger effects than at 50 hPa, par-
ticularly in the Pacific region. This more pronounced effect
on E}, compared to the ITCZ reflects the direct influence of
the QBO on stratospheric wave propagation through critical-
level filtering and changes in background wind conditions.

Figure 13 shows the regression coefficients for the peak
values of refractivity and E}, with the modes of climate vari-
ability. The ENSO coefficients for E, peak values (Fig. 13a)
show a distinct longitudinal pattern, with predominantly pos-
itive values in the American sector (approximately 0.5—
1.0Jkg™! per unit ENSO index) and more variable values in
the African and Asian sectors. This indicates that during pos-
itive ENSO phases (El Nifio), GW activity tends to increase
significantly in the American sector and parts of the Pacific
region. This enhancement is likely related to increased con-
vective activity during El Nifio events, which generates more
GWs, particularly in regions where ENSO has a strong influ-
ence on tropical convection.

For refractivity peak values (Fig. 13d), the ENSO co-
efficients show significant longitudinal variability across
all datasets. The RO data (solid red line) show predomi-
nantly positive coefficients across most longitudes, with the
strongest signals in the American sector (approximately 2—
4N per unit ENSO index) and parts of the Asian sector.
ERAS5 and NCEP data show similar patterns but with some
differences in magnitude and regional detail. This suggests
a direct relationship between ENSO and refractivity in these
regions, with El Nifio conditions generally associated with
higher refractivity values, indicating enhanced moisture con-
vergence in the lower troposphere.

The MJO coefficients for the peak values of E}, (Fig. 13b)
exhibit a complex longitudinal pattern, with alternating posi-
tive and negative values. Positive coefficients (approximately
0.2-0.5Tkg™! per unit MJO index) are observed in parts of
the Asian sector (particularly between 120 and 150° E) and in
limited regions of the American sector, while negative coeffi-
cients dominate in the African sector and parts of the Pacific.
This pattern suggests that the MJO has a regionally vari-
able influence on GW activity, likely reflecting the eastward
propagation of MJO-related convective anomalies, which en-
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hance GW generation in some regions, while suppressing it
in others.

For the peak refractivity values (Fig. 13e), the MJO co-
efficients show significant longitudinal variability across all
datasets. The RO data (solid blue line) exhibit both positive
and negative values, with notable differences from the re-
analysis products in some regions. The coefficients are gen-
erally negative in the Pacific and Atlantic regions, particu-
larly in the NCEP data, suggesting that increased MJO activ-
ity tends to reduce refractivity in these areas. This complex
pattern likely reflects the regional variations in how MJO af-
fects tropical convection and moisture distribution as well as
differences in how these processes are represented in obser-
vational and reanalysis datasets.

The QBO coefficients for E, peak values (Fig. 13¢) are
generally smaller in magnitude compared to ENSO and MJO
coefficients, indicating a less pronounced but still detectable
effect on GW activity. The QBO at 30hPa (purple line)
shows predominantly negative values in the American sec-
tor (approximately —0.1 to —0.3Jkg™! per unit QBO index)
and more variable values in other regions. The QBO at 50 hPa
(green line) exhibits a more oscillatory pattern with alternat-
ing positive and negative values across different longitudes,
including some positive coefficients in the Asian sector. This
longitudinal variability suggests that the QBO’s influence on
GW activity depends on regional factors such as the back-
ground wind structure and the dominant sources of GWs.

For refractivity peak values (Fig. 13f), the QBO coeffi-
cients have the smallest magnitudes among the three cli-
mate modes, consistent with the QBO being primarily a
stratospheric phenomenon with limited direct influence on
tropospheric processes. The coefficients show slight pos-
itive and negative variations around the globe, with val-
ues generally within ££1 N-unit per unit QBO index. Over
oceanic regions, particularly in the Pacific and Atlantic, most
QBO trends remain close to zero, indicating minimal ef-
fect on lower-tropospheric moisture convergence. The small
but non-zero coefficients may reflect indirect influences of
the QBO on tropospheric circulation through stratosphere—
troposphere coupling mechanisms.

These results highlight the different sensitivities of the
American, African, and Asian regions to MJO and QBO,
with the American and Asian regions showing more pro-
nounced responses to ENSO, especially in the RO data. The
effects of ENSO are most significant in oceanic regions, par-
ticularly the Pacific Ocean, indicating a strong correlation
between sea-surface temperature anomalies and atmospheric
refractivity. The MJO shows distinct effects over the oceans,
especially the Pacific, while the QBO exhibits a smaller ef-
fect in oceanic regions. The RO data often show stronger
trends compared to the reanalysis datasets, possibly because
of the higher resolution and sensitivity of the GNSS RO mea-
surements.

In general, our regression analysis demonstrates that cli-
mate variability modes significantly modulate both the po-
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Figure 13. Longitudinal structure of regression coefficients relating climate variability modes to refractivity and E} peak values (Qpeak)
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shaded regions and lines are the same as in Fig. 9.

sitions and intensities of the ITCZ and stratospheric GW tant implications for understanding and predicting tropical
activity, with distinct regional signatures. ENSO exerts the atmospheric dynamics.

strongest influence, followed by the MJO, while the QBO
primarily affects the stratospheric GW characteristics rather
than the tropospheric ITCZ. These findings highlight the
complex interactions between the modes of climate variabil-
ity and the ITCZ and stratospheric GW activity, with impor-

4 Discussion

This study investigated the relationship between the ITCZ
and stratospheric GW activity in the tropics and how this re-
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lationship is modulated by major climate variability modes.
Using RO refractivity as a proxy for the ITCZ and RO tem-
perature profiles to calculate the GW potential energy (Ep),
we have demonstrated a clear spatial and temporal corre-
spondence between these phenomena over the 11-year period
(2011-2021).

Our analysis confirms that the ITCZ, identified by refrac-
tivity measurements, shows a clear seasonal migration be-
tween the hemispheres, shifting approximately 10° in lat-
itude between DJF and JJA. This seasonal movement fol-
lows the region of maximum solar heating and is consis-
tent with previous studies (Gu and Zhang, 2002; Hu et al.,
2007; Laderach and Raible, 2013; Byrne et al., 2018; Schnei-
der et al., 2014). The stratospheric GW activity, as indi-
cated by the E, maxima, exhibits similar seasonal patterns
but with some notable differences. The latitudinal separa-
tion between the DJF and JJA E}, maxima (approximately
5°) is consistently smaller than that of the ITCZ (approxi-
mately 10°), suggesting that while the generation of GWs is
linked to the ITCZ, their propagation and stratospheric distri-
bution are influenced by additional factors, most notably the
filtering effects of the background winds, such as the QBO,
stratospheric jets, and sudden stratospheric warming (SSW)
events.

The GW E;, maximum is typically located slightly equa-
torward of the ITCZ, particularly during JJA. This offset
probably reflects the influence of stratospheric winds on
GW propagation. During JJA, stratospheric easterlies in the
summer hemisphere (Northern Hemisphere) tend to filter
out eastward-propagating GWs, while allowing westward-
propagating waves to reach higher altitudes (Alexander et al.,
2010). This filtering effect, combined with the meridional
propagation of GWs away from their sources, can shift the
region of maximum GW activity relative to the convective
source region.

The convergence of E, maxima over the South American
Amazon and the equatorial Pacific, where the seasonal po-
sitions nearly coincide, is a particularly interesting feature.
These regions are characterized by persistent deep convec-
tion (Garcia and Kayano, 2010; Boers et al., 2013; Rojas
et al., 2016) and, in the case of the Pacific, by the presence
of a double ITCZ (Hwang and Frierson, 2013; Zhang et al.,
2019; Tian and Dong, 2020). The convergence suggests that
these areas maintain relatively constant GW activity through-
out the year, despite seasonal changes in the ITCZ position.

The spatial relationship between the ITCZ and GW ac-
tivity is further supported by the correspondence between
regions of high refractivity, low OLR (indicating deep con-
vection), upward vertical motion, and enhanced Ej values.
This relationship is particularly strong over land areas, such
as South America, Africa, and the Asian monsoon region,
where deep convective systems are more intense and fre-
quent. The positive correlation found between ITCZ posi-
tion shifts and E} position shifts, as well as between peak
refractivity values and peak E}, values across many longi-
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tudes, reinforces the physical link between the ITCZ con-
vective strength/location and the resulting stratospheric GW
activity.

However, some discrepancies are observed, particularly
over western and equatorial South America during JJA,
where GW activity decreases despite the presence of the
ITCZ. This suggests that factors other than the ITCZ, such
as changes in background wind conditions or ENSO-related
drying, can modulate GW activity in certain regions and
seasons. The complex interplay between convective sources,
background atmospheric conditions, and wave propagation
processes highlights the need for a comprehensive approach
to understanding the generation of GWs in the tropics.

Our multilinear regression analysis reveals significant in-
fluences of climate variability modes on both the ITCZ and
stratospheric GW activity, with distinct regional patterns and
varying magnitudes of impact. ENSO emerged as the dom-
inant mode of variability. During El Nifio conditions, the
ITCZ position tends to shift northward in the American sec-
tor but southward in the African and Asian sectors. The E,
maximum position under El Nifio shifts northward in the
Asian sector but southward in the American sector. These
patterns are consistent with ENSO’s large-scale alterations
of tropical circulation (e.g. Walker circulation) and convec-
tive centres (Xie et al., 2018; Adam et al., 2016; Mamalakis
et al., 2021). Furthermore, El Nifio generally enhances peak
GW activity (E, values), particularly in the American sector
and over the Pacific, and also tends to increase peak refrac-
tivity values, likely due to intensified or reorganized convec-
tion (Zhou et al., 2024). The differences in ENSO’s impact
on the E, maximum position vs. the ITCZ position suggest
that ENSO affects GW activity not only by modulating con-
vective sources but also by altering stratospheric conditions
influencing wave propagation, such as changes in subtropical
jets and the Brewer—Dobson circulation (Calvo et al., 2010).

The MJO’s influence is characterized by a fairly consistent
southward shift in both the ITCZ position and the £, maxi-
mum position during active MJO periods (higher amplitude),
with the strongest effects on the ITCZ position over the Mar-
itime Continent/western Pacific and for the E}, position in the
African and Asian sectors. The impact of the MJO on peak
E,, values and peak refractivity values is more variable lon-
gitudinally, showing alternating positive and negative regres-
sion coefficients. This variability may reflect the eastward
propagation of MJO convective anomalies and its complex
interaction with background conditions (Moss et al., 2016;
Alexander et al., 2018; Kalisch et al., 2018). The monthly
mean data used here might smooth some MJO intraseasonal
signals.

The QBO’s influence is weaker on the tropospheric ITCZ
compared to stratospheric GWs. Westerly QBO phases are
associated with small southward shifts in the ITCZ position
and more noticeable southward shifts in the E, maximum
position, particularly in the African and Asian sectors. The
QBO’s impact on peak Ej, values and peak refractivity values
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is generally subtle. This is consistent with the QBO primar-
ily modulating GWs through critical-level filtering and al-
tering stratospheric wave propagation conditions rather than
directly forcing tropospheric convective strength (Baldwin
etal., 2001; Alexander et al., 2018; Diallo et al., 2019, 2021).

Regarding long-term trends over 2011-2021, our analy-
sis indicates that the ITCZ latitudinal position shows weak
and regionally varying trends, with some tendency towards
northward shifts in certain areas, although they often may
not be statistically significant (using the error margins) over
large bands. Similarly, the E, maximum position trend
also fluctuates regionally, with northward tendencies in the
African/Asian sectors and southward in parts of the Ameri-
can sector, again with wide confidence intervals. These find-
ings are broadly consistent with other studies suggesting
complex regional responses rather than a uniform global shift
over similar timescales (Byrne et al., 2018).

In contrast to the latitudinal positions, trends in the peak
values show different behaviours. Peak refractivity values
at the ITCZ show little consistent change over the 11-year
period, fluctuating near zero across most longitudes. This
suggests that while the ITCZ position might undergo sub-
tle shifts, its peak intensity (as measured by refractivity) has
remained relatively stable over this period. However, peak
Ep values show a predominantly negative trend across most
longitudes, indicating a potential general decrease in peak
stratospheric GW activity. This decrease is particularly visi-
ble in the African and Asian sectors. The contrasting trends
between the ITCZ peak intensity and GW peak activity sug-
gest that factors beyond just the peak convective strength
within the ITCZ, such as changes in the broader convective
characteristics, background atmospheric conditions (temper-
ature gradients, wind shears affecting wave generation or
propagation), or an increase in wave filtering, might be in-
fluencing the observed GW activity. A negative trend in GW
activity could have implications for the momentum budget of
the middle atmosphere and the driving of large-scale circula-
tions.

Our study demonstrates the utility of RO data for inves-
tigating both tropospheric and stratospheric processes. The
high vertical resolution of RO measurements makes them
particularly valuable for detecting GWs with short vertical
wavelengths, which are often poorly resolved in reanaly-
sis models. The global coverage and all-weather capabil-
ity of RO observations also provide advantages over other
remote-sensing techniques, particularly in remote oceanic re-
gions where conventional observations are sparse. The use
of refractivity as an ITCZ proxy proved effective, and our
refractivity-derived ITCZ positions showed good agreement
with traditional indicators such as specific humidity, vertical
velocity, and OLR. This approach leverages the sensitivity
of RO refractivity to water vapour in the lower troposphere,
providing a physically based method for tracking the ITCZ
that is consistent with its definition as a zone of convergence.
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Several limitations of our study should be acknowledged.
First, the 11-year period (2011-2021) is relatively short to
detect robust climate trends, and observed trends may be
influenced by natural variability rather than long-term cli-
mate change. Longer time series would provide more con-
fidence in the trend estimates and allow for better separation
of different timescales of variability. Second, our analysis fo-
cused on monthly mean data, which may smooth out impor-
tant sub-monthly variations, particularly for phenomena like
the MJO. Future studies using higher-frequency data could
provide more detailed information on the intraseasonal mod-
ulation of the ITCZ-GW relationship. Third, while our re-
gression model accounts for the linear influences of climate
modes, it does not capture potential nonlinear interactions
between different modes or lagged relationships. More so-
phisticated statistical techniques, such as nonlinear regres-
sion or machine learning approaches, could potentially reveal
more complex patterns of climate-mode influences. Fourth,
our study was limited to a single altitude level (20 km) for
GW analysis. Extending the analysis to multiple levels would
provide a more complete picture of GW propagation and dis-
sipation throughout the stratosphere and mesosphere. Finally,
while our observational approach provides valuable insight
into the ITCZ-GW relationship and its modulation by cli-
mate modes, it does not directly address the underlying phys-
ical mechanisms.

5 Conclusions

This study investigated the relationship between the ITCZ
and stratospheric GW activity and its modulation by ma-
jor climate variability modes using GNSS RO data from
COSMIC-1, COSMIC-2, and MetOp satellites (2011-2021),
compared with ERAS and NCEP reanalyses. We used re-
fractivity at 850 hPa as an ITCZ proxy and temperature pro-
files around 20km for GW potential energy (Ep) calcula-
tion, employing Gaussian fitting to identify latitudinal peaks
and multivariate regression to quantify climate-mode modu-
lation. Our key findings are summarized as follows:

— The ITCZ and stratospheric GW E}, maxima exhibit co-
herent seasonal migrations, shifting approximately 10°
in latitude between DJF and JJA, generally following
solar heating. The stratospheric Ep, maximum is typi-
cally located slightly equatorward of the ITCZ, particu-
larly during JJA, with a smaller seasonal latitudinal sep-
aration (~ 5°) compared to the ITCZ (~ 10°), indicat-
ing the seasonal correspondence in the concentration of
stratospheric GW E|, and the ITCZ.

— A strong spatial relationship exists between the ITCZ
and enhanced GW activity, especially over landmasses
like South America, Africa, and the Asian monsoon re-
gion. This is supported by the alignment of the ITCZ
and E}, maxima with high specific humidity, low OLR,
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and upward vertical motion, confirming deep convec-
tion as a primary GW source. Both features display sig-
nificant longitudinal variations in their positions, peak
values, and trends, reflecting regional geographical and
circulation influences.

— ENSO exerts the most substantial modulation on both
ITCZ and GW E}, characteristics, with distinct regional
patterns. El Nifio conditions correlate with northward
ITCZ shifts in the American sector and southward shifts
in the African and Asian sectors. For GW E}, maxima,
El Nifio leads to northward shifts in the Asian sector but
southward shifts in the American sector. ENSO gener-
ally enhances GW activity (peak E} values) and peak
ITCZ refractivity, as particularly evident in RO data.

— MIJO consistently induces a southward shift in both the
ITCZ and E, maxima positions across many longitudes
during active phases, with the strongest impact on the
ITCZ position over the Maritime Continent/western Pa-
cific and on E}, position in the African and Asian sec-
tors. Its influence on GW and refractivity peak values
shows zonal variations linked to the MJO’s eastward
propagation.

— The QBO shows a weaker but detectable influence, pri-
marily on stratospheric GW Ej, with minor effects on
the tropospheric ITCZ. Westerly QBO phases are gen-
erally associated with southward shifts in E, maxima,
especially in the African and Asian sectors, and subtle
changes in wave amplitudes due to altered propagation
conditions.

— Over the 2011-2021 period, the ITCZ latitudinal posi-
tion shows weak and regionally varying trends, while
the E, maxima position also exhibits regional variabil-
ity without a strong global trend. In contrast, peak re-
fractivity at the ITCZ shows little consistent change,
whereas peak E}, values display a predominantly nega-
tive trend across most longitudes, suggesting a potential
decrease in peak stratospheric GW activity. Interannual
variations in the ITCZ and E}, positions and strengths
are positively correlated in many regions, further sup-
porting their physical connection.

— RO, ERAS, and NCEP generally agree with respect to
the mean ITCZ structure and broad modulation patterns,
but RO data often reveal stronger responses and trends,
likely due to their higher resolution and direct sensitiv-
ity to atmospheric properties, highlighting the value of
RO observations for studying atmospheric wave dynam-
ics.

Complementary modelling studies, ideally using high-
resolution models that can explicitly resolve GWs, would
help to characterize the causal pathways linking climate vari-
ability, convection, and wave dynamics.
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