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Abstract. The Intertropical Convergence Zone (ITCZ) is a eritieal-driver-dominant feature of tropical climate ;-characterized

generate-atmospherie-disturbanees;making-the I'TCZ-a-significant-characterized by intense convection that influences global
atmospheric circulation and serves as a primary source of stratospheric gravity waves (GWs), which transport energy and
momentum vertically through the atmosphere. This study investigates the relationship-between-the ITCZand stratospherie

datafrom-COSMIC-+modulation of tropical Intertropical Convergence Zone (ITCZ) position and stratospheric gravity wave
activity by ENSO, MJO, ites i atitudinal positions of
aad»GWpe{emlakeﬂefgy%Epﬁﬁa*mwand BO usin ears (2011-2021) of radio occultation and reanalysis data. ITCZ

latitude (from 850 hPa refractivity) and gravity wave potential energy maxima (from stratospheric temperatures) were identified

via Gaussian fitting. E

show-the TFCZ-migrates-Both ITCZ and gravity wave potential energy maxima exhibit coherent seasonal migration (~10°
Jraﬂfudmaﬂwﬂfrand ~5° sea

slatitudinal shifts respectively), with potential
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interplay-betweenthe 1TCZ- GWs;-and-elimate-variability-modesENSQ is the primary modulator: El Nifio conditions shift
ITCZ northward in the American sector but southward in African/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. MJO prompts regionally complex southward shifts of ITCZ/potential energy maxima, QBO predominantly influences
gravity wave potential energy, with westerly phases linked to southward shifts of potential energy maxima in African/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 reanalysis products. highlighting the importance of observational constraints
in understanding troposphere-stratosphere coupling mechanisms.

1 Introduction

The tropical atmosphere is a

variabthity-that-medify-characterized by complex interactions between convective processes, large-scale circulation patterns
and wave dynamics that collectively influence global weather and climateen-various-temporal-and-spatial-seales—These-meodes

o tha Maddan s anMIO i a o SO ad-the O D

convection and precipitation that forms where the northeast and southeast trade winds converge near the equator (?). 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 (GV

vertically through the atmosphere (222?2?).
GWs are small-scale atmospheric oscillations that play a crucial role in connecting different atmospheric layers (??). In the
tropics, these waves, mainly generated by deep convection and flow over topography (???), propagate into the stratosphere and

beyond, influencing circulation patterns such as Brewer-Dobson circulation and Quasi-Biennial Oscillation (QBO

otential energy (Ep) of these waves serves as a valuable proxy for GW activity (2?).
Three major modes of climate variability significantly influence the tropical atmosphere: the Madden-Julian Oscillation
(MJO), EtNifie-Seuthera-the El Nifio-Southern Oscillation (ENSO), and Quasi-Biennial- Oseiltation tQBO)—A-good representat

¢ the OBO. £ oo ot for Litv-of s lations.
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GWs through various mechanisms. Characterized by eastward propagating convective anomalies with a 30-90-day periodicity,
the MJO can enhance GW activity through increased convection (??2??). ENSO alters 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 (?), affecting GW_generation and propagation

through changes in background winds and temperatures (????). With its alternating easterly and westerly wind regimes in

the equatorial stratosphere, the QBO directly influences the vertical propagation of GWs through critical-level filtering and

between QBO and MJO amplitude durin,

wave-mean flow interactions (????). Recent research has also revealed a relationshi

boreal winter (?), further highlighting 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 (??). Several methods have been developed to determine

H H =8 A A H Y B P
using—3—years—of refraction—data—from—including those based on precipitation maxima (?), outgoing long-wave radiation

OLR) minim:

that atmospheric refractivity derived from measurements of radio occultation (RO) of the Global Navigation Satellite System
(GNSS) radi R (RO)- . . " . ) . L . o

, and specific humidity distributions (?). More recently, ? demonstrated

a (2?), surface wind convergence (?

provides an effective means to
locate the ITCZ. RO is a limb-sounding technique that provides high vertical resolution profiles of atmospheric parameters with
lobal coverage and all-weather capability (2?). The technique measures the bending of the GNSS signals as they pass through
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the atmosphere, from which vertical profiles of refractivity can be derived. In the lower troposphere, refractivity is primaril
sensitive to water vapour, making it an excellent tracer for moisture-related features such as ITCZ. In the stratosphere, there

ete—temperature profiles derived from RO measurements can be used to study GW activity through the calculation of potential

energy (??2).

The-interactions-of differentmodes-of-elimate-vartability-Although numerous studies have examined the relationship between

tropical convection and stratospheric GW activity (??) and the influence of climate modes on GW (2??2?), fewer have

climate modes. This study addresses this gap by using RO data from the first and second Constellation Observing System
for Meteorology, lonosphere and Climate (COSMIC-1 and COSMIC-2), and Meteorological Operational Satellite (MetO
well as the influence of climate variability modes on both phenomena. The objectives of our study are aimed at addressing the

following: (1) How do the positions of the ITCZ and stratospheric GW Ep 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) with-refractivity-and-GWs-are-critical-inunderstanding

HITCZ position and stratospheric GW_ activity, and
(4) Are there regional differences in how these climate modes influence the ITCZ and stratospheric GWs? To address these
questions, we employ a Gaussian fitting method to identify the latitudinal positions of the ITCZ and GW Ep maxima, and use
multilinear regression to analyze the effects of MJO, ENSO, and QBO €22222);-ete- > found a-strong relationship-between the
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using-observational-dataon these parameters. Our approach allows us to quantify the specific contributions of each climate
mode to the variability of the ITCZ and GW Ep characteristics.

Fhis study-uses RO-data The paper is organized as follows. Section 2 describes the data sources and methodology, including
the calculation of atmospheric refractivity, ERAS;-and-NCEP reanatysis-data-first to-identify-the and-the-GW-potentia

the-final-remarks—Ep maxima, and the regression analysis approach. Section 3 presents the results, focusing on climatolo
seasonal and interannual variations, and modulation by climate modes. Section 4 discusses the physical interpretation of the

findings and compares them with previous work. Finally, Section 5 summarizes the key conclusions and suggests directions
for future research.

2 Data and Methodology

2.1 Data Sources

This study utilizes reprocessed dry temperature profiles from the—satellite-measurements—ef- COSMIC—1-COSMIC—2;
and-METOPCOSMIC-1 and COSMIC-2, which are satellite missions that use RO to provide high-precision atmospheric
data, and MetOp (a, b, ¢) thereafter RO)satellite measurements (hereafter collectively referred to as RO data) for the period

January 2011 to December 2021. The COSMIC-1 was launched in 2006 with six microsatellites providing approximatel
1500 RO events per day. The COSMIC-2 GNSS RO eobservati i i

As-system generates approximately 5,000 to 7,000 RO
events per day, providing extensive global coverage for atmospheric analysis with high precision and aceuraey-The-COSMIC-2

temperature-profile twetPrD-ete—vertical resolution. The MetOp (a, b, ¢) are European polar-orbiting weather satellites operated
by the European Organization for the Exploitation of Meteorological Satellites. Launched in 2006, 2012, and 2018 respectivel

they provide high-resolution data for weather forecasting, climate monitoring, and atmospheric research.
The atmospheric profile “atmPrfdata (atmPrf) at level 2 of the COSMIC-2-data-is-RO dataset are processed operationally

in near-real-time (artj-without moisture information. Each atmPrf file ineludes-contains high-resolution profiles of physical

parameters tike-including dry pressure, dry temperature, refractivity, bending angle, impact parameters, and geometric height
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above mean sea level. The-RO-datafrom-RO-All RO data were retrieved from the COSMIC Data Analysis and Archive Center
(CDAAC) website s-which-ean-be-found-at-(http://cdaac-www.cosmic.ucar.edu/cdaac/products.html-The-RO-data-used-for-this

ECOSMIC-1
-\/IETOP ab,c
COSMIC-2

Available Number of Profiles

2011 2012 2013 2014 2015 2646 2017 2018 2019 2020 2021
Years

Figure 1. The-yearly-Annual statistics of available COSMIC-1, COSMIC-2, the-and METOP temperature s-and the-refractivity profiles for
between 2011 and 2021. Fhe-COSMIC-1 profiles are shown in red, ah-METOP profiles are-in green, and the-COSMIC-2 profiles are-in

blue. The randemly-selected-temperature-and-refractivity-profiles thighlighted in the red oval }-were used-randomly selected for generatin,
example analyses in that-year-to-generate-Fig. 2.

The-total-numbers-of-temperature(“atmPrf"Figure 1 presents the total number of temperature profiles (atmPrf) and refrac-

tivity data-(“wetPrf")profilesper-year-arepresented-in—profiles (wetPrf) per year used in this study. The number of profiles
per-year-exceeded 2 million in 2020 and 2021, attributed-primarily due to the launch of COSMIC-2 in June 2019, resulting

which resulted in a daily average of ever-5000-prefiles—Temperature-and-relative-humiditywere-obtained-frommore than
5000 profiles. The RO data have a vertical resolution of approximately 100 m in the lower troposphere to about 1 km in the
stratosphere, with an accuracy of 0.1-0.2 K for temperature measurements in the upper troposphere and lower stratosphere (?

A~

To validate and complement the RO data, 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)—The-: ERAS is the

series-of numerous-chmatie-variables-ERAS-inelades-latest climate reanalysis produced by ECMWEF, providing hourly data on
various-atmospheric, land-surface, and sea-state factors-and-parameters with uncertainty estimates. ERAS-uses-standard-It uses


http://cdaac-www.cosmic.ucar.edu/cdaac/products.html
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5

a latitude-longitude grids-grid with a spatial resolution of 0.25° x0.25° —Thereanalysis-contains-data-on-air-temperature; wind;

ramﬁa}l—se%sﬁfﬁaee%empef&&meeaf%height—mﬁand 137 vertical levels from the surface to 0.01 hPa. For this stud
we used data on the 37

Also-temperatare-and-relative- humidity-were-obtainedfrom-standard pressure levels available in the public dataset (?).
175 2. Reanalysis data of the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/N-

CAR) Reanalysis data (https://psl.noaa. gov/data/reanaly51s/reanalys1s shtml)te-estimate-the-atmosphericrefractivityfrom—a
at: This dataset combines historical observations

of weather models to provide six-hourly and daily data from January 1948 to the present-inclading-information-on-several

180 e-. It has a spatial resolution of 2.5° x2.5°

with 17 pressure levels (?).
Furthermore, specific humldlty, e&tgemg—}eﬂg-vvaw‘eﬁdﬂ&eif@I:R—}OLR and vertical velocity data were obtained from

the NOAA s

v-Physical Sciences Laborato
website (https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html) to provide context for ITCZ identification.

185 2.2 The-atmeospherierefraetivityAtmospheric Refractivity as ITCZ Prox

Fhe-atmeospherie-Atmospheric refractivity (V) in a neutral atmosphere is a-dimensiontess-quantity-defined-as N-—={(rn—1-<1+05defined
as N = (n — 1) x 105, where n (unitless)is-the-atmospheriedis the refractive index. N-is-givenby-the foHowingandis primarity

It depends on pressure (P, hPa), temperature (7', K), and water vapour pressure (e, hPa) (?):

190 (N — units), %

N~

)]

where Py = P — ¢ is the partial pressure of dry air and k;, ko, k3 are constants. The simplified form on the right is commonly

195 used, combining dry and wet terms. In the lower troposphere (e.g.. 850 hPa), the wet term involving ¢ dominates the variability
of IV, making refractivity a good proxy for moisture content and thus convective activity associated with ITCZ (?). We used IV,
derived directly from RO *wetPrf” profiles at 850 hPa. For ERAS and NCEP, we calculate IV at 850 hPa using their respective
temperature, pressure (implicitly through the 850 hPa level) and humidity data via Eq. (1). Using refractivity allows for a
consistent proxy across RO and reanalysis, leveraging RO’s sensitivity to moisture.


https://psl.noaa.gov/data/reanalysis/reanalysis.shtml
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by 2-and-2and-is—given-byTo quantify GW activity in the stratosphere, we calculate the potential energy (Ep) per unit mass
from RO temperature profiles. This approach follows established methodologies (???) and provides a robust measure of GW
activity. The potential energy is calculated as:

l/g T
E =7(_>22 L2 2

is the acceleration due to gravity (9.8ms~2), N is the Brunt-Viisitifrequeney—and—F;—and-Tare—the

Where-where g
Ep—ea}aﬂaﬁmﬂ&basedreﬂ—fhe—aeawafeﬁtfaeﬁmfef%whiel%ant-Vﬁisﬁlﬁ frequency, 7" is the temperature perturbation
associated with GW, and T is the backeround temperature profile. The temperature perturbation is calculated by subtractin
the background temperature from the observed temperature:

T-7-T ®

The Brunt-Viisild frequency, which characterizes the stability of the atmosphere, is given by:

or g
N2 =7 L[ L 4
N =T-z |5t e @)
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G—wmem%meemﬁc heat capacity of the dry air at constant pressure -and-h-is-the-altitude-The
i into-(1004 Jkg ' K~!

they can introduce artificial perturbations at the edges of filtering windows, fail to adapt to varying atmospheric conditions, and
may not effectively distinguish GWs from other types of wave (?).

To address these limitations, we implement a more sophisticated approach using the continuous wavelet transform (CWT
(22). Our procedure consists of the following steps: we first interpolate 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°
x10° (longitude x latitude), and the mean temperature of-each—grid-is—ealeulated—The-profile is calculated for each cell.
This spatial averaging helps reduce noise and provides more robust estimates of the background state. We apply a CWT with a

Morlet wavelet to each mean temperature profilei

. The CWT decomposes the temperature profile into components on a spectrum of vertical scales. The background temperature
(B—~—The-T-is-T) is reconstructed by including only components with vertical wavelengths longer than 10 km, effectivel

separating the large-scale background structure from smaller-scale wave perturbations. This background temperature is then
interpolated back to the positions of M}gy\lglﬂtemperature profiles and subtracted from the raw temperature profile using to

Equation 3 to obtain the temperature
erturbations (7"). Finally, Ep is calculated using Equation 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.

contamination of GW signals by other wave types, particularly equatorial Kelvin waves, which can have vertical wavelengths
that overlap with the GW spectrum (typically 2-10 km for GW versus 5-15 km for Kelvin waves)

contamination, we implement an additional filtering step that targets the characteristic properties of Kelvin waves: eastward
and periods of 4-23 days (?). This a

(??). To minimize this

ropagation, zonal wavenumbers 1-3 roach makes it possible to isolate GW disturbances

2
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from other types of waves, although a certain amount of residual contamination near the equator cannot be entirely ruled out
by analyzing the 1D profile alone..

he-OQur CW1T-based

method offers several advantages over simpler filtering techniques. First, it adapts to varying atmospheric conditions rather than
applying fixed cut-offs. Second, it minimizes edge effects that can introduce artificial perturbations. Third, it provides better
separation of wave types based on their scale characteristics. These advantages are particularly important when analyzing
GW activity across different seasons and geographical regions, where background conditions and wave properties can vary.
significantly, The resulting Ep values represent the energy density associated with GWs and serve as our primary metric for
(twice the vertical resolution of the sateth g i tons i i

interpolated
profiles) and less than 10 km (the cutoff used to separate background and perturbation components). This range captures
most stratospheric GWs while minimizing contamination from larger-scale waves and smaller-scale noise. The results are
WM&WMEPMWM

calculation is standard

ractice for stratospheric GW analysis of RO (e.g., ??).

2.4 Method for Identifying ITCZ and Maximum Ep Locations

of efrativity for LTCZ and Ep dute grids-forcuclfongituder

data in a global 2°x2° fengi
MH&QWI%MMWMQW&@WW
calculated mean values for both refractivity and Ep at each 10° fati : :
This-appreach-longitude band across all latitudes. This preprocessing was applied to the-monthly averages of the-refractive
M&@ng&wm and Ep at a—pfessufe%eve}ﬂf—Me—pammetefs—ef—the—feffaeﬂve

stratospheric GW activity).
For each longitude \ and month ¢, we fit a Gaussian function to the latitudinal distribution of refractivity or Ep between 30°
S and 30°N. The fitting function takes the form:

(¢ d)nnx) (¢ B d)maX(A’t))z
Qz(¢,Avt) Qm)xe W‘é\(ﬁ‘vﬂexp m thi/(V)\\/’\Q (5)

10
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peak ITCZ or Ep maximum, A(A,¢)
is the amplitude indicating the strength of the feature, o(A,¢) is the width parameter representing the meridional extent, and
B(At) is the background value.

To perform the Gaussian fitting using a non-linear least-squares method with several constraints to_ensure physically
meaningful results, the following steps were taken. First, the fit was restricted to the tropical latitude band (30°S to 30°N)
to focus on the primary ITCZ and GW activity regions. Second, 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 deviation of the
Gaussian (g) was restricted to be between 57 and 157 to exclude unrealistically narrow or wide distributions.

2.5 TFrend-analysisimethod

‘Fhe finear trend-of 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 typically
corresponds to the stronger convective zone. By applying this consistent methodology to the refractivity and Ep distributions,
we can directly compare the latitudinal positions and characteristics of ITCZ and stratospheric GW activity, allowing analysis
of their spatial relationships and temporal covariability.

To illustrate this approach, Figure 2 shows the application of our method for a specific longitude (76° W) in 2016, showing

the latitudinal distributions of refractivity and Ep during December-January-February (DJF) and June-July-August (JJA)

together with their respective Gaussian fits.

11
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Figure 2. Latitudinal distribution of (a) refractivity (N-units) and (b) gravity wave potential energy (Ep, J/kg) at 76°W durin

December-January-February (DJF, blue) and June-July-August (JJA, red) in 2016. Thick lines show the Gaussian fits used to determine

the latitudinal positions of the ITCZ and Ep maxima.

Both refractivity and
each-longitudeusing the Ip show similar latitudinal distributions, with peaks near the equator during DJF and a northward shift
to approximately 15N 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 Ep distributions suggests that ITCZ
and stratospheric GW activity are closely linked, with GWs likely generated by deep convection within the ITCZ.

2.5 Trend Analysis Method

To investigate the modulation by climate variability modes, we use the following standard indices: The Multivariate ENSO
Index Version 2 (MELv2) shown in Figure 3a, obtained from the NOAA Physical Sciences Laboratory (https://psl.noaa.gov/

derived from the bimonthly index (?). Positive values indicate El Niflo conditions, while

negative values indicate La Nifia conditions. The Real-time Multivariate MJO (RMM) index is shown in Figure 3b (?). We

used the monthly amplitude, calculated as v/ RM M 12 + RM M 22, obtained from the Australian Bureau of Meteorology (http:

/Iwww.bom.gov.au/climate/mjo/graphics/rmm.74toRealtime.txt). Higher amplitude indicates stronger MJO activity. For the

enso/mei/). We use monthly values

12
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330

uasi-Biennial Oscillation (QBO), we used the monthly mean zonal winds at 30 hPa (~24 km) and 50 hPa (~21 km) from

radiosonde observations over Singapore, as illustrated in Figure 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). To remove regression

uncertainty, the QBO zonal wind data at 30 mb and 50 mb were normalized. These modes of climate variability are presented

in Figure 3, which shows the reference time series used in the regression analyses.

2.5]

1.4

0.21 A Avl\//\_\\ A AL —— ENSO
oo J\’/V\/\ﬂ N~/ \~——’\~
-2.0°

3.0

MEI Index

2.01
— MJO
1.0
28

1.5'

RMM Index

QBO30mp

S AR VAN

'32%11 12

QBO Index

Yea r

Figure 3. Reference time series from 2011 to 2021 used for the regression analyses. (a) Multivariate ENSO Index (MEI) characterizing the
ENSO signal (red), (b) Amplitude of Real-time Multivariate MJO indices (RMM) 1 and 2 characterizing the MJO signal (blue

Normalized zonal winds at 30 hPa (24 km, orange) and 50 hPa (21 km, green) over the equator characterizing the QBO.

, and (c

To analyze trends in ITCZ position and GW activity and their relationships with climate variability modes, we employed

a multivariate linear regression (MLR) approach (22?)—The-MER-can-determine-the-link-between-one-(22?). This method

allows us to determine the relationship between a dependent variable (e.g., ITCZ position or Ep) and twe-or-mere-multiple
independent variables (e.g., time, ENSO, MJO, and QBO windindices). The MLR method’s-equationts-equation is formulated

as follows:

\If(tid') =p+ aot;j+ oy - QBOgohpa(tiJ) +ag - QBO50hpa(ti,j) +as- MJO(tiJ) + oy - ENSO(tiJ)
+ Residual, (6)
With ¢=2011,2012,...,2021; and, j;=1,2,...,12

The-where U represents the monthly zonal mean value of the parameter of interest (ITCZ position, Ep er—refractivity
s 3 as alues as H-maxima position, refractivity value, or Ep value); ¢;

13
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denotes the time in months (where i is the year and {4)-] is the month);-and-the-quantity-; y represents a constant Ep-vatue—The

rterm; o represents the linear trend over time; and «; through o4 represent the
regression coefficients for the normalized QBO at 30 hPa, normalized QBO at 50 hPa, ag—ag—&nd»azrshewﬂaﬁelra&eﬂship

MIJO, and ENSO indices, respectively. The residual of-the

regression—model-ean-beutilized-to-estimate-each-—coeffieient’s—term represents the unexplained variance in the regression
model, The standard deviation and p-value —Fhis-estimation-can-be-achieved-for each coefficient were estimated using the

variance-covariance matrix and the Student’s t-test (??). pfesem%mefefefeﬂe&mﬂ&seﬂe&eﬁENSG—%HQ—mad—QB%em

3 Results

The-

3.1 Climatology and Seasonal Variability of ITCZ and GW E

First, we examine the mean spatial distribution and seasonal variation of the ITCZ proxy (refractivity at 850 hPa) and stratospheric
GW activity (Ep at 20 km). Figure 4 shows the global distribution of refractivity values at 850 hPa from RO, ERAS ;-and

NCEP-at-856-hPaand NCEP data for 2021, integrated over a 2°x2° latitude-longitude gridfer-the-year-2021-is-shown-in—

14
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three datasets effectively capture the ITCZ as a band of enhanced refractivity near the equator, which shifts seasonally between
hemispheres. Consistent with known climatology, the ITCZ is located predominantly in the Southern Hemisphere (SH) in-DJF
{a)-and-to-during DJF (Figure 4a, c, e) and shifts significantly into the Northern Hemisphere (NH) 1

o aQ all ac Mo

4b, d. ). Maximum refractivity values are typically found over tropical landmasses (South America, Africa, and the Maritime
Continent) and warm ocean pools (West Pacific).

Although the overall patterns are similar, RO-derived refractivity (Figure 4a, b) generally shows slightly lower peak values
(range ~ 260-290 N units) compared to ERAS ibit-similarit

NCEP (range ~ 240-310 N units). particularly noticeable in the reanalysis 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 compared
to the reanalyses, particularly in regions with complex topography or limited conventional observations.
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Figure 4. The-Global distribution of refractivity i#n-2624-(N-units) at 850 hPa during December-January-February (DJF; left column: a, ¢,
e) {a;-e;¢) and June-July-August (JJA; right column; b, d, f) thy-ds£) at-856-hPa—Theeireled-regions-in 2021. Data are the-regions—of
high-coneentrations-of refractivity—(a and-b)-Therefractivity-was-obtained-derived from RO for-BIF-and-33A—(e and-da, byFherefractivity
is-estimated-from—, ERAS for DIF-and-HA—(e ¢, d), and fNCEP (e, fyFhe-, Circled regions highlight areas of high refractivity estimatee
fromNCEP-for-BJF-concentration associated with the ITCZ and HAmonsoon systems. Note the seasonal shift of the high-refractivity band

between hemispheres.

The-Figure 5 presents the global distribution of the GW potential ener, (Epva{uemea%ufeeka%%—km—ﬂkm
altitude for DJF and JJA in 2021¢a

H(o5:15 Jkg ") are concentrated in the tropics and subtropics, broadly overlapping with the regions of high convective
activity suggested by the refractivity maps. The Ep field shows distinct seasonal patterns with several key features: First, an
equatorial band of enhanced Ep that shifts seasonally between hemispheres, broadly following the ITCZ. During DJFE (Figure
MEP values attron . . o O

are observed in equatorial South America,
Africa and the western Pacific. During JJA (Figure 5b), the enhanced regions Fp is-eonsiderably-high-in-JJA-shift northward,
with pronounced features over Central America, the Sahel region, and South Asia. Second, the strong Ep values in the winter
hemisphere mid to high latitudes, particularly in the Northern Hemisphere during DJF. This feature is associated with the polar
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410

415

night jet, which allows more efficient vertical propagation of GWs generated by various sources, including orography and jet
streams. Third, localized Ep enhancements on major mountain ranges, such as the Andes, Rockies, and Himalayas, which
are persistent sources of orographic GWs, A distinct feature of JJA are the high Ep values over the southern Andes (30°S-

- which diminish eastward,

equaterial-orientation of the Andes and the strong westerly jet in this region (?). Lastly, a notable equatorial maximum over the

western Pacific was observed during both seasons, which is likely associated with persistent deep convection in this region.

a direct link between tropospheric convection and stratospheric GW activityare-seen-over Mexico-and-the USA—with-high
refraetivity-valuesin3JA. However, the Ep distribution also shows features that are not directly related to the ITCZ, indicatin,

the importance of other GW sources and propagation conditions.

ta)(a)
15.00
12.50
10.00

Latitude
~
n
3
Ep (J/Kg)
Latitude

Longitude Longitude

Figure 5. The-Global distribution of gravity wave potential energy (Epvariationsin-2021, Jkg~!) at 20 km altitude during (a) December-
January-February (DJF) ta) and (b) June-July-August (JJA) tb} at-20-kmin 2021, derived from RO temperature profiles. The-eireled-Circled

regions are-the-regions-highlight areas of high eeneentrations-of- Ep concentration, often associated with deep convection or orography (e.g.,
Andes in JJA).

ehe%eﬂ—at—faﬁéemﬁﬁd—ﬂaeﬂcesu}mgé}aussraﬂ—ﬁ%To uantitatively analyze the relationship between the ITCZ and stratospheric
GW activity, we applied the Gaussian fitting method described in Section 2.4 to identify the latitudinal positions of the ITCZ
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Ep;-are-presented-in—The-inter-annual-vartability-of JFCZ-using RO-The mean position of ITCZ (Figure 6a) clearly shows
the seasonal shift: located around 5°S-10°S during DJF (green lines) and shifting to 5°N-15°N during JJA (red lines). The

magnitude of the shift varies with longitude, being largest over Africa and the Indian Ocean. RO (solid lines), ERAS (dashed),
and NCEP data

iftsi i i ity—(dotted lines) generally show good agreement in 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 global
emmme%m%@wwk%wmmEp ma*rm&{—b}%hewe&mef&eeﬂﬂ%teﬂeyﬂ%%heNHﬂé*SH
e-maximum (Figure 6b) also shows
ngm&@mmwm morphology

green/red lines) tends to stay closer to the
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equator compared to the ITCZ proxy, especially during JJA over the Atlantic and Africa. The latitudinal separation between
the DJF and JJA is-seen-over-Adfrica-and-the-Indian-Ocean-to-the-east-also-observed-in-Ep maxima—Thisresult-could-be-due

vspeaks 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 influenced by propagation effects (including horizontal propagation) and

otentially filtering by stratospheric winds, leading to a peak location that does not perfectly mirror the tropospheric source

region (?).

(a) (b)
25°N Ref , 25°N
15°N 1 15°N 4
—— JJA (Ref RO)
3 — =JJA(RefERAS)
3 Fo1 I N A AY AN \{ & - N B JJA (RefNCEP) 3 0 = JJA (Ep)
= —— DJF (Ref RO) = ——DJF (Ep)
s = =DJF (RefERAS)  §
------ DJF (Ref NCEP)
15°S A 15°S A
25°S T T T T T 25°S T T T T T
180°W 120°W 60°W 0°E 60°E 120°E 180°E 180°W  120°W 60°W 0°E 60°E 120°E 180°E
Longitude Longitude

Figure 6. Longitudinal variation of the 11-year (2011-2021) mean latitudinal location (¢,,4-) of maxima derived from Gaussian fits.

Mean ITCZ location derived from refractivity at 850 hPa for DJF (green lines) and JJA (red lines). Solid lines are from RO, dashed from

ERAS5, dotted from NCEP. (b) Mean GW Ep maximum location derived from RO temperature at 20 km for DJF (green solid line) and JJA

red solid line). Note the consistent seasonal migration in both ITCZ and Ep maxima.

should-show-whether-the loeations-of the-derived-To further explore the relationship between ITCZ, Ep, and other meteorological

fields often associated with convection, Figure 7 compares the mean ITCZ and Ep maxima mateh—Thefirst-parameteris
the-mean-]ocations with specific humidity, everlaid-in-a-and-b-with-the —Ep-maxima;—an -
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The high specific humidity (Figure 7a, b) aligns well with the ITCZ location derived from refractivity (cyan line), confirmin
the moisture-based proxy. The ITCZ position generally aligns well with regions of maximum specific humidity, espeeiathy-in
DPJE-There-are-exeeptionsinIJA;particularly over the seuthern-United-States-of- America(USA)-where-speeifichumidity-is

9 - Iy
A ragion aveasiamaing aaooita cancon ha OLR che hat tho i a wandaming  thia

between-the 1FEZ4-and-oceans, consistent with the ITCZ’s characteristic as a zone of convergence. Regions of strong upward
motion (negative vertical velocity, Figure 7¢, d) and low OLR (contours in Figure 7a, b, e, f), both indicative of deep convection
also generally coincide with ITCZ.

superimpesed-on-the ITCZand-maximum location (magenta line) is often located equatorward or slightly poleward of the peak

convective indicators, again highlighting the role of propagation and potentially wave filtering. For example, in South America
in JJA (Figure 7d, f), the Ep maxima-+ 3 : i : i i ieh

wind-eonvergenee overAfriea-and the Indian-Oeean—maximum appears somewhat south of the main ITCZ/convection band.
Interestingly, the Ep maximum-fits-perfeetly-within-maxima position shows an even closer alignment with the zero vertical
wind-During-the JAs-velocity contour, particularly over the Pacific and Atlantic Oceans. This suggests that GW activity may
be enhanced not only by deep convection but also by the vertical wind shear associated with the boundaries of convective

regions.
The Ep n
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In-JAA(e-and-H);-equatorial-stratospherie-GW-is-mainly-concentrated—in-the-Maritime continent and the western Pacific.

During JJA, the regions of enhanced Ep shift northward, with notable concentrations over the eastern part of Africa, Astathe
W and the Indian and Pacific Oceans. eqﬂateﬂa%sffatesp%wﬂeGW—aeﬂvﬁy—has—smﬂed%ewafdrfheN%

while also hinting at complexities beyond a simple one-to-one mapping.
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Figure 7. Mean fields (2011-2021) for DJF (left column: a, ¢, e) and JJA (right column: b, d, f). Cyan solid line: mean ITCZ location (from

Black contours show OLR (200-250 W m ™ 2).

3.2 Moedes-of-climate-variability-Interannual Variability and FFC€Z-and-Ep-trendsLongitudinal Structure of Trends

535




540

545

550

555

560

r-maxima locations and their peak values over
the 11-year period. Figure 8 (top panels) shows the year-to-year variations in the Afriean~0-606peak locations for DJF and
JJA. The ITCZ location (Figure 8a) exhibits interannual shifts of approximately 5° %}Hkg—pefmeﬂfh—)&ﬂf}Asraﬂ—seetefs

overall seasonal migration pattern remains dominant. The Ep
Thezonal-coefficients—thatrelate-the ITCZ—-as-determined-by-ROmaximum location (Figure 8b) shows similar interannual

variability, generally tracking the ITCZ shifts but sometimes exhibiting independent variations, especially noticeable over the
Pacific Ocean (120°E-120°W), ivi i i itudi i

nflueneesboth 1 FCZand-the-GW-s—which is strongly influenced by ENSO.
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Figure 8. Longitudinal variation of the latitudinal location (¢p,q.) of maxima derived from Gaussian fits, showing interannual variabilit
from 2011 to 2021. (a) Interannual variability of ITCZ locations for DJF (blue lines) and JJA (purple lines) derived from RO (solid), ERAS

dashed), and NCEP (dotted) data for each year. (b) Interannual variability of Ep maxima locations (from RO) for DJF and JJA (multi-colored

solid lines for individual years), compared with the 11-year mean ITCZ locations for DJF (blue dashed) and JJA (purple dashed) for reference.

3.21

a-depietszonalregressions-of the-maximuam-GW-To quantify linear changes over the 11-year period, we applied the multilinear

regression method described in Section 2.5 to calculate the trend coefficient (o) for the latitudinal position ) of the

ITCZ and Fp

maxima at each longitude
(Figure 9). The longitudinal variation of the ITCZ position trend (Figure 9a) fluctuates around zero for RO, ERAS and NCEP,
suggesting no globally coherent, statistically significant linear trend in the Asian-sectors-but-negative-vatues-(—0:3-J- kg~ per
month)-in-the-mean ITCZ latitude over this specific period of 11 years. Trends vary across different longitudinal sectors. with
generally positive values (0.060-0.130 degrees latitude per year) indicating a northward shift of the ITCZ over the 11-year

eriod in some regions. Some regional variations exist, with slight positive (northward) tendencies in parts of the American

sector and nearzero-in-the-African—seetor—The-maximum-slight negative (southward) tendencies over parts of Africa in the

ERAS data, but confidence intervals are wide.
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shew&m—fheb%xe%@—eeefﬁemﬁw&eeﬂﬂsteﬂﬂyﬂegaﬁvﬁmammum osition trend (Figure 9b) also shows fluctuations
around zero, although with a tendency towards positive trends in the African (~—0-5-—3-J ke —per month)-across-all-seetors;
w&h—lafgefﬂmph&tdeﬁ{*fﬁe&ﬁ{) 072-0.170 degrees latitude per year) and Asian sectors %&shewﬁhat—dtmmgaeﬁwwg

shift of GW activity. However, negative trends (w-%%%)@&ﬂeg—pefmeﬂfh}bﬁfdtffefﬁm&gﬂﬁade—lﬁ 0.048 degrees
latitude per year) are observed in the American sector

oseillation-having-a-meresignificantimpaecton-speeifie seetors—trends may reflect differences in how climate variability modes
affect GW generation and propagation in different geographical areas. However, these trends are generally not statisticall
significant in large longitudinal bands within the 11-year record.

in-Figure 9¢ shows the
m@w@mw@wﬁum Afriean-and Astan seetors:
The-ERAS-and-NCEP-exhibit-more-volatility-than-the- RO, netably-in-the-Ep position (¢4 5p) at each longitude. Positive
correlations dominate globally, with particularly strong values in the African and Astan-seetors; indicating model dependeney-in
the-responseto- ENSO-Over-the-Atlantie Oceans-the-Asian sectors (up to ~0.60), indicating that interannual shifts in the ITCZ

location are often mirrored by shifts in the stratospheric maximum Epffeﬁds—eeﬂﬁﬂiie%&shewﬂeg&swe{feﬁd—fheﬂg&}ess

25



615

620

625

630

635

640

645

strong (above 0.60) in the Ep

monsoon region, which is consistent with the prevalence of mesoscale convective systems that are a significant source of gravit
waves (GWSs) (?). In contrast, correlations are markedly weaker over the eastern Pacific and Atlantic Oceans. This is physicall
consistent with the climatological conditions in these areas, particularly the eastern Pacific, which is known as a region of large-

scale ocean-atmosphere-interactions-such-as-ENSO—Over-the-Atlantie-Ocean;-the-coefficients-are-close-to-zero-indiea

indieate-substantial- deereases—Inreturnatmospheric subsidence 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 Afri . . . . .

stratospherie-GW-but-alse-atmesphericrefraetivity—The MJIO—is—relative lack of powerful convective sources weakens the
coupling between its position and the primaryfacter-influencingthe—variabilityin-resulting stratospheric GW activity. The
lower correlations observed from eastern South America to the tropicat-atmosphere for 30-to- 00 days-Itinteracts frequently with
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Figure 9. Longitudinal structure of linear trends and correlations for ITCZ and Ep maximum latitudinal locations ) over 2011-2021.
(a) Linear trend in ITCZ latitude (degrees/year) derived from RO (solid red), ERAS (dashed red), and NCEP (dotted red) refractivity. (b

Linear trend in Ep maximum latitude (degrees/year) derived from RO (solid blue). (¢) Correlation coefficient between monthly ITCZ latitude
RO: solid green; ERAS: dashed green; NCEP: dotted green) and monthly Ep maximum latitude (RO). Vertical shaded regions highlight

American (100°W-30°W), African (10°W-50°E)

and Asian (100°E-150°E) sectors. Black dashed line indicates zero. Shaded areas are

2

23% confidence intervals.

3.3 Refraetivity-and Ep-maximum-valaes
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from Gaussian fits. Figure 10 shows the 11-year seasonal mean zonal profiles of these peak values. The peak refractivity values
(Figure 10b) show pronounced longitudinal variations, with the highest values over the western Pacific, the Maritime continent
and South Asia during JJA, and SON-signifies-the-transitional-months-between 3 A—and-DIFover the Amazon, central Africa
and the western Pacific during DJF, These patterns reflect the regions of the most intense convection and convergence. The JJA
values are generally higher than the DJF values, particularly in the Asian monsoon region (60°E-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 region. Fo-furthereapture-the tinearity-between-the two parameters

iaThe peak Ep
values (Figure 10a) also show significant longitudinal variations, but with patterns that do not always match those of refractivity.
The highest Ep values occur over the western Pacific and the Maritime continent in both seasons, with secondary maxima over
the Amazon and central Africa. Unlike refractivity, the DIF Ep values are generally higher than the JJA values in the American

d AISAY. Ad—20° A h+onah ho DIE ON Ad-MAM-ronth ha A A cecto ha

afnt—v V v, d O OV

around—120-W-and-30-W;-pa tarhy oughot D O

western hemisphere (120°W-0°), 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
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may be related to increased convective activity in these
regions, resulting-in-higher-GW-generation-leading to enhanced generation of GW.

The interannual variability, indicated by the shaded areas (one standard deviation), is substantial for both variables, particularl

695 in regions strongly affected by ENSO (120°E-120°W). This variability motivates our regression analysis to quantify the

Ep
(a) —— MAM (Ep RO)

American sector African sector Asian sector ~ SON (Ep RO)
—— DJF (Ep RO)
— JJA (Ep RO)

Ref

(b) —— MAM (Ref RO)
erican sector African sector Asian sector == MAM (Ref ERAS)
“ ++ MAM (Ref NCEP)
~— SON (Ref RO)
~ = SON (Ref ERAS)
-+ SON (Ref NCEP)
—— DJF (Ref RO)
~ = DJF (Ref ERA5)
-+ DJF (Ref NCEP)
“as —— JJA (Ref RO)
il == DA (Ref ERAS)
“++ JJA (Ref NCEP)

Refractivity (N)

seasonal mean peak values at-theirrespeetive-maximum-derived from Gaussian fits. (a) Fhe refractivity-vatues-at-the-Seasonal mean Ep peak
M%MMfor DIJF (green), MAM (blue), JJA (red), and SON (orange). (b) The Fp-maxima-values
(dotted lines) for DJF (green), MAM (blue), JJA (red), and SON (orange). Theshaded-areas-mark-Shading represents the Ameriean{(1+00>
0> W Afriean(1H0>W-50"E)-and-Astan-seetor(H00“E-150"E)-seetors-are-marked-standard deviation associated with shaded-regionsthe

Figure 10.

seasonal mean values.

3.2.1 TFrends-ofrefractivity-and-maximum-Epvalues
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spatially-but-generally-fluetnate-around-zero(a)—A-The linear trends in these peak values are shown in Figure 11. The trend
in peak refractivity (Figure 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 is-ebserved
for RO and ERAS5in-the-American-seetor;-with-, with more significant variations in NCEP. NEEP-The African sector shows a

slight positive trend for NCEP, while RO and ERAS5 remain near zeroever-theAfrican-seetor. Over the ecean;-the separationis
refatively-small-very-oceans, the trends are relatively small and stable in the Pacific and Atlantic Oeeans;-and-highly-but more
variable in the Indian Ocean, which-could-be-influenced-by-possibly due to regional factors such as precipitation —The-trend-of
patterns.

(Figure 11b) exhibits a predominantly negative trend at most longitudes, suggesting 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

Ep-and-refractivity valuesis-positive—tn-eontrast;-the-particularly pronounced in the African and Asian sectors, indicating 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.

The correlation between monthly peak refractivity and peak Ep values (Figure 11c¢) is generally positive, particularly over
the American sector and parts of the Pacific, suggesting 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 regions show significant changes;

making-therelationship-less-elear—Over-sectors. In the Pacific Ocean, the coefficients are generally positive, indicating-pesitive
correlations:tikely-probably influenced by large-scale ocean-atmosphere interactions such as ENSO. In-contrast-the-effects

over-the-Atlantie-are-The Atlantic Ocean shows coefficients close to zero, indicating a weak correlation—At-the-same-time;,

while the Indian Ocean exhibits a positive downw

atmospherebut variable correlation.
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Figure 11. ThezonatLongitudinal structure of linear trends and eeefficients-of the-t5sp-and-correlations for ITCZ refractivity from-RO;ERAS;
peak values (Qpcqr, ) and NEEP-at-theirrespeetive-Gaussian-Iip peak values (Qpeqp, mp) Over H-years2011-2021. (a) The-zonal-trends-of
Linear trend in peak refractivity (N-units/year) derived from RO (solid Hinered), ERAS (dashed tinered), and NCEP (dotted tinered)refractivity
Gaussian-peak—valaes. (b) Thezonal-trends-of-the Fp-Gausstan-Linear trend in peak WSE,&WEMQMLMEQ‘
(¢) The-zonal-coefficients-of-the Fop-and-Correlation coefficient between monthly peak refractivity from—(ROs—_solid purple; ERAS5:-and-:
dashed purple; NCEPGaussian-peak—values—The-shaded-areas-mark-the-Ameriean(100°W-30"W: dotted purple) - African{(10°W-50°E);
and Asian-monthly peak Ep (H00°E-150>ERO)sectors-are-marked-with-, Vertical shaded regions —The-black-horizontal-detted-and lines are
the-zero-demareationtinesas in Figure 9.

3.2.1

3.3 Modulation by Climate Variability Modes

We analyze the regression coefficients (v, o, a3 and ay in Equation 6) associated to ENSO (MEIv2), the amplitude of MJO

and N

BO (at 30 hPa and 50 hPa), respectively.
Figure 12 shows these coefficients for the latitudinal positions of the ITCZ and Ep maxima.

31



735

740

745

The ENSO coefficients (Figure 12a, d) show the strongest and most coherent signal among the climate modes. For the ITCZ
osition (Figure 12a), pafﬁett}aﬂy%ﬁseﬁgeveﬁ ositive MELv2 values (El Nifio condmons) are associated with a northward

shift in the American sector -
%%WWM&WM%MWMM@
African and Asian sectors (approximately -0.3 to -0.5 degrees latitude per unit ENSO index). This pattern is consistent across
QBA@&NMMM%MAMW and Asian regions;the

wﬁ%m%ﬁwmm%mm@mmgﬁ
in_the Walker circulation, with enhanced convection in the central and eastern Pacific and suppressed convection over the
Maritime Continent during El Nifio events.

The ENSO influence on Ep maximum position (Figure 12d) shows similar regional patterns, but with some differences in
magnitude and spatial structure. The coefficients vary longitudinally, with positive values (up to 0.5 degrees latitude per unit
mewwwo w%wmm

has—&stgntﬁeaimﬂueﬁe&espeeraﬁfmﬂw}ﬂér&nﬁeea& 0.5 degrees 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 Ep maxima shift northward in

2

much of the Asian sector but southward in the American sector. These differences may reflect the complex interaction between
ENSO-induced changes in convection and stratospheric circulation, which affects GW propagation.
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The MJO coefficients (Figure 12b, ) show more localized and generally weaker influences than ENSO. For the ITCZ
position (Figure 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 approximately -0.2 to -0.4 degrees latitude per unit MJO index. The pattern shows some
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variability across datasets, with RO data exhibiting more pronounced negative coefficients in the African sector compared
to reanalysis products. The Maritime Continent and western Pacific region—<(Astan—seetor)—The-QBO-effeetis—present-but

>

these-oscillations-are-more-prominent—(90°E-150°E) show particularly strong MJO effects, where increased MJO amplitude
is associated with equatorward shifts. This pattern is consistent with the enhanced equatorial convection during active MJO
phases.

ne-For the Ep maximum position (Figure 12e), the MJO coefficients show a more complex longitudinal pattern with both
-0.2

ositive and negative values. The coefficients are predominantly negative in the African and Asian sectors (approximatel

to -0.4 degrees latitude per unit MJO index), but show more variability in the American sector with some positive values. This

suggests that during active MJO periods, the QBO regressions at 36-mbar (QBO30)and Ep maxima generally shift southward
in the Eastern Hemisphere but may shift northward in parts of the Western Hemisphere. This regional variation likely reflects
the complex interaction between MJO-related convective activity and atmospheric wave dynamics, which can vary significantly
with longitude due to differences in land-sea distribution and background atmospheric conditions.

The QBO coefficients (Figure 12¢ show the weakest influence on the ITCZ position (Figure 12c¢), which is expected

iven that QBO is primarily a stratospheric phenomenon. The coefficients show minor but generally negative values across

most longitudes, particularly for QBO at 50

The influence is most pronounced in the African sector, with coefficients around -0.1 to -0.2 degrees latitude per unit QBO

index, and shows relatively small differences between datasets. This suggests that during the westerly phase of the QBO, the

For the Ep maximum position (Figure 12f), the QBO shows a more significant influence, with a distinct longitudinal pattern.
The coefficients for both 30 hPa and 50 hPa QBO are near zero or slightly positive in parts of the American sector —while

O N O < a dan-—cacto ne O o OF 1nq a dagrac
a Of; P Iry—1o0

a southward shift of the Ep maxima during the westerly phase of the QBO in these regions. The QBO at 30 hPa generall

shows stronger effects than at 50 hPa, particularly in the Pacific region. This more pronounced effect on Ep compared to the
ITCZ reflects the direct influence of 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 Ep with the modes of climate variability.

The ENSO coefficients for Ep peak values (Figure 13a) show a distinct longitudinal pattern with predominantly positive values

-1

in the American sector (approximately 0.5-1.0 Jk er unit ENSO index) and more variable values in the African and Asian
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sectors. This indicates that during positive 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 convective activity during El Nifio events
which generates more GWs, particularly in regions where ENSO has a strong influence on tropical convection.

mmmm%mw@m The RO data (Sohd red
line) #mph
mmmmwmmmmmwm

most longitudes, with the strongest signals in the American sector (approximately 2-4 N-units per unit ENSO index) and parts
of the globe—The-Asian sector. ERAS and NCEP data

Wi-and-show similar patterns but with some differences in magnitude and regional detail. This suggests a direct relationshi
between ENSO and refractivity in these regions, with El Nifio conditions generally associated with higher refractivity values
indicating enhanced moisture convergence in the lower troposphere.
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Figure 13. Longitudinal structure of regression coefficients relating climate variability modes to refractivity and Ep peak values (Qpeqk)
over 2011-2021. (a-¢) Regression coefficients for Ep peak values with (a) ENSO (red). (b) MJO amplitude (blue), and (c) QBO at 30 hPa
(purple) and 50 hPa (green). (d-f) Regression coefficients for refractivity peak values from RO (solid), ERAS (dashed), and NCEP (dotted)
with (d) ENSO (red). (¢) MJO amplitude (blue), and (f) QBO at 30 hPa (purple) and 50 hPa (green). Units are N-units or Jkg " per index

The MJO coefficients for the peak values of Ep (Figure 13b) exhibit a complex longitudinal pattern with alternating positive
and negative values. Positive coefficients (approximately 0.2-0.5 Jkg ™' per unit MJO index) are observed in parts of the
dominate in the African sector and parts of the Pacific. This pattern suggests that the MJO has a regionally variable influence on
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GW activity, likely reflecting the eastward propagation of MJO-related convective anomalies, which enhance GW generation
in some regions while suppressing it in others.

For the peak refractivity values (F1 ure 13e), the A

the RO-trends-show-MJO coefficients show significant longitudinal variability across all datasets. The RO data (solid blue line
exhibits both positive and negative values—The-MIO-trends-, with notable differences from the reanalysis products in some

regions. The coefficients are generally negative in the Pacific and Atlantic Oceansresultin-negative-valuesregions, particularly
in the NCEP data{deﬁeﬂa}u&}meﬁ—fﬂeaﬂmg{ha%%ﬁampeiw suggesting that increased MJO activity tends to reduce

refractivity in these regi

as-areas. This complex pattern likely reflects the regional
variations in how MJO affects tropical convection and moisture distribution, as well as differences in how these processes are
represented in observational and reanalysis datasets.
MWMM&WMMMBNSO and MJO
ir-coefficients, indicating a less
pronounced but still detectable effect on GW activity. The QBO at 30 hPa (purple line) shows predominantly negative values

BO index) and more variable values in other regions. The

BO at 50 hPa (green line) exhibits a more oscillatory pattern with alternating positive and negative values across different
BO’s

in the American sector (a

suggests that the

influence on GW activity depends on regional factors such as the background wind structure and the dominant sources of
GWs.

longitudes, including some positive coefficients in the Asian sector. This longitudinal variabilit

For refractivity peak values (Figure 13f), the QBO coefficients have the smallest magnitudes among the three climate modes

consistent with the QBO being primarily a stratospheric phenomenon with limited direct influence on tropospheric processes.

The coefficients show slight positive and negative variations around the globe—Over-the-eceans, with values generally within

41 N-unit per unit QBO index. Over oceanic regions, partlcularly in the Pacific and Atlantic, most ef-the-trendsremainneuatral

QBO trends remain close to

zero, indicating minimal effect 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.

TFhe-These results highlight the different sensitivities of the American, African, and Asian regions shew-distinet-sensitivity
to MJO and QBO, and-the-Amerieas-with the American and Asian regions show-showing more pronounced responses to

ENSO, especially in the RO data. ENSO-effects-are-most-pronounced-The effects of ENSO are most significant in oceanic
regions, espeetalty—tn—particularly the Pacific Ocean, indicating a strong correlation between sea surface temperature ane
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interaetions—anomalies and atmospheric refractivity. The MJO shows distinct effects over the eeeaﬂ—whielcreafrpfedueefe}d
water-in-some-areas;-oceans, especially the Pacific:

pha%e%mfefaeﬁﬂgvﬁfkmee&ﬂ%@—gfﬁh&efhe%haﬂdr, while the QBO exhibits a mere-neghigible-smaller effect in oceanic

regions

d O a O pronoun c OPOSP a a atosSp

eeeaﬂ-afmesphefe—m{emeﬁeﬂs—afe—stfeﬁg% The RO data often show strong-trends—-possibly-due-to-stronger trends compared
to the reanalysis datasets, possibly because of the higher resolution and sensitivity of the GNSS RO measurementscompared

In general, our regression analysis demonstrates that climate variability modes significantly modulate both the positions and

intensities of the ITCZ and stratospheric GW activity, with distinct regional signatures. ENSO exerts the strongest influence
followed by MJO, while QBO primarily affects the stratospheric GW characteristics rather than the tropospheric ITCZ. These

findings highlight the complex interactions between the modes of climate variability and the ITCZ and stratospheric GW
activity, with important implications for understanding and predicting tropical atmospheric dynamics.

4 Discussion

This study investigated the relationship between ITCZ and used—G@SM{G-Q—meaeufemeﬂts%&ehewmeﬂrel&&emhmbetweeﬁ

stratospheric GW activity in

the tropics and how this relationship is modulated by major climate variability modes. Using RO refractivity as a proxy for
the ITCZ - i i i i i i

Pacifie-are-the-primary-eause-of-and RO temperature profiles to calculate the GW potential energy (Ep), we have demonstrated
a clear spatial and temporal correspondence between these phenomena over the 11-year period (2011-2021).
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Qur analysis confirms that the ITCZ, identified by refractivity measurements, shows a clear seasonal migration between
the hemispheres, shifting approximately 10° in latitude between DJF and JJA. This seasonal movement follows the region of
maximum solar heating and is consistent with previous studies (?????). The stratospheric GW activity, as indicated by the E
maxima, exhibits similar seasonal patterns but with some notable differences. The latitudinal separation between the DIF and
JJA Ep maxima (approximately 5°) is consistently smaller than that of the abrupt-migration-inJA-In-contrast-contributions

Ocean-This result-was also-evidentin-the ITCZ (approximately 10°), suggesting that while the generation of GWs is linked to
the ITCZ, their propagation and stratospheric distribution are influenced by additional factors, most notably the filtering effects
of the background winds, such as the QBO, Stratospheric Jets, Sudden Stratospheric Warmings (SSWs) etc.
The GW Fp mexi : . T .

is typically located slightly equatorward of the ITCZ, particularly during JIA. This offset probably reflects the influence of
stratospheric winds on GW_ propagation. During JJA, stratospheric easterlies in the summer (Northern) hemisphere tend to

ropagating waves to reach higher altitudes (?). This filterin

maximum

filter out eastward-propagating GWs, while allowing westward-

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 Ep maxima over the South American Amazon and the equatorial Pacific, where the seasonal positions

ersistent deep convection (???) and, in

nearly coincide, is a particularly interesting feature. These regions are characterized b

the case of the Pacific, by the presence of a double ITCZ (2??). The convergence suggests that these areas maintain relativel
constant GW activity throughout the year, despite seasonal changes in the IFCZfollows;-and-the-trade-winds-converge-further

Fhe-results—in—d-shew—ahigh-global-vartabilitynear-the JFCZ-and-that- GW-The spatial relationship between ITCZ and

GW activity is further supported by the correspondence between regions of high refractivity, low OLR (indicating dee

convection), upward vertical motion, and enhanced Ep shews-—regional-differenees-in—elimate-dynamies—Collectingdata—te

affeet-the-position—and-strength-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 frequent. The positive correlation found
between ITCZ position shifts and Ep position shifts, and between peak refractivity values and peak Ep values across man
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longitudes, reinforces the physical link between ITCZ convective strength/location and the resulting stratospheric GW activity.

915
Howeyver, some discrepancies are observed, particularly over western and equatorial South America during JJA, where GW
activity decreases despite the presence of the ITCZ??)-and-the-effeets-on-wind-and-temperatare—The ITCZshifts southward

920

factors other than 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 GW in the
925  tropics.

Coupling)-Atthe-time-of Our multilinear regression analysis reveals significant influences of climate variability modes on both
the ITCZ and stratospheric GW activity, with distinct regional patterns and varying magnitudes of impact. ENSO emerged as
930 the dominant mode of variability. During El Nifio eceurrences;-the-Walkereireulation—an-east-west-atmospheric-eireulation

eonditions and-wind patterns-as- GW-ehanges-{?)—conditions, the ITCZ position tends to shift northward in the American sector
but southward in the African and Asian sectors. The Ep maximum position under El Nifio shifts northward in the Asian sector
935  but southward in the American sector. These patterns are consistent with ENSQ's large-scale alterations of tropical circulation
(e.g., Walker circulation) and convective centers (22?). Furthermore, El Nifio events-also-inerease-activity s intensifying eloud

tn-generally enhances peak GW activity (Fp

940  values), particularly in the American sector and over the Pacific, and also tends to increase peak refractivity values, likely due

to intensified or reorganized convection (?). The differences

suggest that ENSO affects GW activity not only by modulating convective sources but also by altering stratospheric conditions
influencing wave propagation, such as changes in subtropical jets and the Brewer-Dobson circulation (?).

The MJO’s influence is characterized by a fairly consistent southward shift of both the ITCZ position and the Ep maximum

osition during active MJO periods (higher amplitude), with the strongest effects on ITCZ position over the Maritime Continent/western

in ENSO’s impact on Ep maximum position versus ITCZ position

945
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could-influenee-wave-propagation-African and Asian sectors. The impact of MJO on peak Ep values and peak refractivit
values is more variable longitudinally, showing alternating positive and negative regression coefficients. This variability ma

reflect the eastward propagation of MJO convective anomalies and its complex interaction with background conditions (???).

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. Westerl BO phases are
associated with small southward shifts in ITCZ position and more noticeable southward shifts in Ep maximum position

articularly in the African and Asian sectors. QBQO’s impact on peak Ep values and peak refractivity values is generall
subtle. This is consistent with QBO primarily modulating GWs through critical-level filtering —"Fhﬁs—fheseﬂﬂﬁeelwmsm&may

altering stratospheric wave propagation conditions rather than directly forcing tropospheric convective strength (2??7?).

Regarding long-term trends over 2011-2021, our analysis indicates that the ITCZ latitudinal position shows weak and
regionally varying trends, with some tendency towards northward shifts in certain areas, though often not statistically significant
over large bands. Similarly, the Ep maximum position trend also fluctuates regionally, with northward tendencies in_the
African/Asian sectors and southward in parts of the IFCZ-derivedfrom-RO-and-reanalysis-datashows-a-similar pattern—The
pesition-and-strength-of American sector, again with wide confidence intervals. These findings are broadly consistent with
other studies suggesting complex regional responses rather than a uniform global shift over similar timescales (2).

In contrast to the latitudinal positions, trends in the peak values show different behaviors. 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 subtle 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 noted in the African and Asian sectors. The
contrasting trends between ITCZ peak intensity and GW peak activity suggest that factors beyond just the peak convective
strength within_the ITCZ, such as changes in the broader convective characteristics, background atmospheric_conditions
(temperature gradients, wind shears affecting wave generation or propagation), or an increase in wave filtering, might be
influencing the observed GW activity. A negative trend in GW activity could have implications for the momentum budget of
the middle atmosphere and the nterannual-varability h he-north-an
south—The global-equatorial-driving of large-scale circulations.
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Our study demonstrates the utility of RO data for investigating both tropospheric and stratospheric processes. The high

985  vertical resolution of RO measurements makes them particularly valuable for detecting GWs with short vertical wavelengths,

which are often poorly resolved in reanalysis models. The global coverage and all-weather capability of RO observations

also provide advantages over other remote sensing techniques, particularly in remote oceanic regions 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

990 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.

5 Conclusions

This study investigated the relationship between the ITCZ and stratospheric GW activity and its modulation by major climate
variability modes using GNSS RO data from COSMIC-1, COSMIC-2, and METOP satellites (2011-2021), complemented b
995 ERAS and NCEP reanalyses. We used refractivity at 850 hPa as an ITCZ proxy and temperature profiles around 20 km for

GW potential ener

uantify climate mode modulation. Our key findings are summarized below:

Ep) calculation, employing Gaussian fitting to identify latitudinal peaks and multivariate regression to

— The ITCZ and stratospheric GW Ep maxima

stratospherie-GW-exhibit coherent seasonal migrations, shifting approximately 10° in latitude between DJF and JJA
1000 enerally following solar heating. The stratospheric Ep maxima—were-meore-consistentin-the NH-and-SH-and-had-a

much-smallergap-than-the ITCZ—The-maximum is typically located slightly equatorward of the ITCZ, particularl
during JJA, with a smaller seasonal latitudinal separation (~5°) compared to the ITCZ (~10°), indicating the seasonal
correspondence in the concentration of stratospheric GW Ep and the ITCZ.

— A strong spatial relationship exists between the ITCZ and enhanced GW activity, especially over landmasses like

1005 South America, Africa, and the Asian monsoon region. This is supported by the alignment of ITCZ and Ep pesitien
e anmean PV ° 4 1 D A N H . .

atween (ON nd-NA N ha 'y o A n D IE nd A ooe O a o

1010

FFEZupward vertical motion, confirming deep convection as a primary GW source. Both features display significant
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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_Ep pesitions-was-higher_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;+

%%W%%mmww%mmmmmln the
Asian
MM&%@&%@H@%&W@WM
(peak Ep as
MWWWWMWWWWM&%M

MJO consistently induces a southward shift of theselocations—in—the - American—and-Africanseetors—TFhe 1FCZ-alse

ositions across many longitudes during active phases, with the strongest impact on ITCZ position over the Maritime
Continent/western Pacific and on Ep position in the African and Asian sectors. The MJOeonsistentlynegatively-influenced
the-Its influence on GW and refractivity peak values shows zonal variations linked to MJO’s eastward propagation.

BO shows a weaker but detectable influence, primarily on stratospheric GW Epmaximalocations-across-all-seetors;

with-a-southward-shift-being-mere-pronouneed-in-, with minor effects on the tropospheric ITCZ. Westerly QBO phases
are generally associated with southward shifts in Ep maxima, especially in the African and Asian sectors—Fhe MJO-also

due to altered propagation conditions.

Over the 2011-2021 period, the ITCZ latitudinal position shows weak and regionally varying trends, while the E
maxima position also exhibits regional variability without a strong global trend. In contrast, peak refractivity at the
ITCZ shows little consistent change, whereas peak Ep wvalues—were-highestin-the-African—and-Astan—sectors—during

mere-significant-contributionto ENSO;espeeially-over-oceansvalues display a predominantly negative trend across most
longitudes, suggesting a potential decrease in peak stratospheric GW activity. Interannual variations in ITCZ and E
ositions and strengths are positively correlated in many regions, further supporting their physical connection.
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— RO, ERAS5, and NCEP generally agree on 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 sensitivity to atmospheric properties
highlighting the value of RO observations for studying atmospheric wave dynamics.

51 Limitations

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 climate change.
Longer time series would provide more confidence in the trend estimates and allow for better separation of different timescales
of variability. Second, our analysis focused on monthly mean data, which may smooth out important sub-monthly variations,
particularly for phenomena like the MJO. Future studies using higher frequency data could provide more detailed information
on the intraseasonal modulation of the ITCZ-GW relationship. Third, while our regression model accounts for the linear
influences of climate modes, it does not capture potential nonlinear interactions between different modes or lagged relationships.
More sophisticated statistical techniques, such as nonlinear regression 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
dissipation throughout the stratosphere and mesosphere. Finally, while our observational approach provides valuable insight
into the ITCZ-GW relationship and its modulation by climate modes, it does not directly address the underlying physical
mechanisms. Complementary modeling studies, ideally using high-resolution models that can explicitly resolve GWs, would
help to elucidate the causal pathways linking climate variability, convection, and wave dynamics.
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