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Abstract
This study examines the combined influence of El Niño-Southern Oscillation (ENSO) and the Indian Ocean Dipole (IOD) 
on Upper Troposphere Lower Stratosphere (UTLS) ozone variability. The investigation employs data from the Microwave 
Limb Sounder (MLS) aboard the Aura Satellite and the European Centre for Medium-Range Weather Forecasts (ECMWF) 
ERA5 reanalysis, spanning the period 2005–2020 across tropical latitudes (20º N–20º S). Three specific events were chosen 
for analysis: a strong La Niña event in 2010, the co-occurrence of El Niño and moderate IOD in 2015, and a robust IOD 
event in 2019. During years marked by the simultaneous occurrence of ENSO and IOD events, the UTLS (100 hPa altitude 
is considered for the present study. 82 hPa is the altitude just above the tropopause, therefore also shown in the results) 
ozone mixing ratio demonstrates a decline in absolute values. The Quasi-biennial Oscillation (QBO) was also investigated, 
revealing a synchronized variation with the ozone anomaly in the UTLS region. Furthermore, the calculated eddy heat flux, 
utilized as a proxy for the Brewer–Dobson Circulation (BDC), aligns with the UTLS ozone anomalies, indicating a positive 
(negative) anomaly during periods of intense tropical downwelling (upwelling). To quantitatively elucidate the contributions 
of ENSO, IOD, and QBO to the observed ozone anomaly, a multivariate linear regression analysis was executed utilizing the 
least square method. The findings underscore that a notable fraction—about one-fourth of the observed UTLS ozone anomaly 
within the study timeframe (2005–2020) can be attributed collectively to ENSO, IOD, and QBO. This preliminary exploration 
underscores the substantial role played by large-scale climate drivers emanating from the Pacific and Indian oceans in shaping 
UTLS ozone distribution. These insights emphasize the significance of considering these climatic influences when examining 
the intricate dynamics and variability of UTLS ozone patterns.

1  Introduction

UTLS ozone concentration is mainly regulated by strato-
sphere–troposphere exchange processes and dynamics and 
chemistry. The highest ozone mixing ratios are found in the 
stratosphere, which protects Earth’s surface from harmful 

ultraviolet radiation (Dessler 2000). Although the chemical 
production of stratospheric ozone determined by a balance 
between production and loss cycles (e.g., Portmann et al. 
2012) is well known, changes in tropical UTLS ozone con-
centrations are influenced by dynamical processes, namely, 
the BDC, the QBO, and large-scale teleconnections, e.g., 
ENSO (Fueglistaler et al. 2009; Dessler et al. 2013). The 
“upwelling” is part of the BDC, which is mainly a strato-
spheric phenomenon (Brewer 1949; Butchart 2014). Ozone 
is primarily produced over the tropics due to higher solar 
insolation but gets transported to higher latitudes by the 
BDC (Plumb 2002; Birner and Boenisch 2011). QBO is the 
shift in zonal wind pattern in the tropical lower stratosphere 
and has an average period of 28 months (Baldwin et al. 
2001). It has two phases—easterly and westerly where in 
the QBO can modulate the tropospheric (e.g., Holton and 
Tan 1980) upwelling over the tropics due to BDC (Flury 
et al. 2013). Studies have shown that the tropical convection 
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associated with the ENSO affects the vertical exchange of 
energy, moisture, momentum, and chemical constituents 
(Dessler et al. 2013). Despite low ozone concentration at 
100 hPa in the UTLS, ozone variability plays an important 
role in modulating background temperatures, which modu-
lates the stratosphere–troposphere exchange (STE) processes 
and stratospheric chemistry. The UTLS region also plays 
a significant role in regulating the stratospheric hydra-
tion–dehydration and chemistry (Forster Piers and Shine 
2002; Ploeger et al. (2013); ; Singh et al. 2021; Poshyvailo-
Strube et al. 2022). The ENSO and the IOD are both coupled 
atmosphere–ocean phenomena covering the tropical Pacific 
and Indian Ocean, respectively. As pointed out in the paper, 
both phenomena are associated with changes in regional 
sea surface temperatures (SSTs) in the tropical Pacific and 
Indian Ocean (e.g., Saji et al. 1999). IOD shows positive and 
negative phases (e.g., Saji et al. 1999). ENSO and IOD may 
regionally impact surface weather and climate by enhanc-
ing convective activity in a variety of regions, including 
Northern India, the Tibetan Plateau, and the Northern part 
of the Bay of Bengal (Legras and Bucci 2020). Also, the 
QBO is a major mode of variability of the tropical strato-
sphere and modulates BDC upwelling and the distributions 
of trace gases in the UTLS (Plumb and Bell 1982; Diallo 
et al. 2022). In the zonal mean, El Niño warms the tropo-
sphere and cools the tropical lower stratosphere (Mitchell 
et al. 2015). The cooling of the lower stratosphere is associ-
ated with a strengthening tropical upwelling of the BDC 
(relevant for Sect. 3.2) and thereby with decreasing tropical 
lower stratospheric ozone (relevant for the present study) 
which can feedback on the upwelling (Randel et al. 2021; 
Ming and Hitchcock 2022).

Despite the known influence of these signals on UTLS 
ozone, the signals from the Indian Ocean (IO) have never 
been explored. One such significant mode of variability 
is the Indian Ocean Dipole (IOD) which affects the 
tropical circulation and tropospheric temperatures (Lu 
et al. 2018; Pillai et al. 2010). The zonal gradient of sea 
surface temperature (SST) from the tropical western IO 
(50–70° E, 10° S–10° N) to the tropical south-eastern 
IO (90–110° E, 10° S-equator) computed as in SST 
anomalies between these two regions are known as 
IOD (Saji et al. 1999; Webster et al. 1999). A positive 
IOD is recognized by strong positive SST anomalies 
in the western IO and negative SST anomalies in the 
south-eastern IO (Saji et al. 1999). El Niño and IOD are 
concurrent quite often and have been studied extensively 
(Annamalai et  al. 2003; Gualdi et  al. 2003; Lau and 
Nath 2023; Li et al. 2003), though they have a complex 
connection rather than a simple linear relationship. The 
positive years of IOD are associated with increased 
tropospheric temperature and vertical transport which 

can affect the tropospheric water vapor fluxes and other 
tracers. Therefore, the Indian Ocean coupled mode of 
variability should be considered while addressing the 
UTLS ozone variability. Both the ENSO and the IOD 
are related atmosphere–ocean phenomena that affect 
the tropical Pacific and Indian Oceans, respectively. 
By boosting convective activity in a number of areas, 
such as Northern India, the Tibetan Plateau, and the 
Northern section of the Bay of Bengal, ENSO and IOD 
may have a regional influence on surface weather and 
climate (Legras and Bucci 2020; Bucci et  al. 2020). 
The BDC upwelling and the distributions of trace gases 
in the UTLS are both affected by the QBO, which is 
also a significant mode of variability of the tropical 
stratosphere (Plumb and Bell 1982; Diallo et al. 2022). 
According to Mitchell et al. (2015), El Niño warms the 
troposphere in the zonal mean while cooling the tropical 
lower stratosphere. According to Randel et  al. 2021, 
Ming and Hitchcock 2022, and other researchers, the 
tropical lower stratospheric ozone is associated with the 
cooling of the lower stratosphere, because it can feedback 
on the tropical upwelling of the BDC.

In the present study, we include the IOD signals and 
explore the combined effect of BDC, QBO, ENSO, and 
IOD on the UTLS ozone variability over the tropics. Several 
studied explored the contribution of ENSO on the ozone 
variability on global and regional basis (Zerefos et al. 1992; 
Steinbrecht et al. 2003; Harris et al. 2008; Rieder et al. 2013; 
Knibbe et al. 2014; Zou et al. 2005; Randel et al. 2009; Lee 
et al. 2010; Kumar et al. 2021). Krzyścin (2016) showed that 
the combined effect of ENSO and IOD induces ± 2% month-
to-month oscillations in the equatorial, mid and even high 
latitudinal regions. In higher latitudes, IOD contribution is 
found to be more than that of ENSO. However, the study 
hypothesized that over the equatorial region, strong ENSO 
and IOD influence the ozone distribution via the BDC. 
The QBO is also the dominant signal in temperature in the 
tropical lower stratosphere and modulates the strength of 
the BDC and trace constituents in the tropical stratosphere 
(Randel et al. 2006).

The study uses pressure as the "altitude" scale, which 
is a widely used notion. However, negative ozone trends 
just above the tropopause (that are noted in a pressure-based 
analysis) largely vanish when a coordinate transformation 
is carried out to investigate tropical ozone trends relative 
to the tropopause height, both for ground-based and space-
based observations (Thompson et al. 2021; Bognar et al. 
2022). Additionally, only a small number of studies (such 
as Konopka et al. 2009; Fadnavis et al. 2023; Vogel et al. 
2023) employ potential temperature as an alternative to 
pressure. The present study uses long-term satellite datasets 
from Aura MLS to understand the tropical UTLS ozone 
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variability and associated influence from the BDC, QBO, 
ENSO, and IOD. In this work, we have attempted to examine 
the tropical UTLS ozone from the ENSO–IOD combined 
tropical ocean perspective. We have also analyzed the QBO 
and tropical upwelling for a plausible explanation of the 
tropical UTLS ozone variations with the combined effects 
of Pacific and Indian Ocean signals. Our study is the first to 
report such a kind of ozone variation from an overall view 
by taking all the natural oscillations into account.

2 � Data and methodology

2.1 � Microwave Limb Sounder measurements 
for ozone mixing ratios

The Earth Observing System (EOS) Microwave Limb 
Sounder (MLS) is one of the four instruments onboard 
NASA’s EOS Aura satellite, NASA’s A-train group 

of Earth-observing satellites, launched on 15 July 
2004 (Randel et  al. 2006; Manney et  al. 2005). MLS 
uses microwave emission to measure stratospheric 
temperature, and upper tropospheric constituents. MLS 
also has a unique capability to measure upper tropospheric 
water vapor in the presence of tropical cirrus, and also 
the cirrus ice content. The overall scientific objective of 
MLS is to help improve understanding and assessment of 
ozone depletion, climate change, tropospheric ozone, and 
volcanic effects on ozone and climate change.

The MLS makes measurements of atmospheric 
composition, temperature, humidity, and cloud ice 

globally both day and night. It observes thermal 
microwave emission from Earth’s “limb” (the edge 
of the atmosphere) viewing forward along the Aura 
spacecraft flight direction, scanning its view from the 
ground to∼90 km every 25  s. Aura is in a near-polar 
705 km altitude orbit. As Earth rotates underneath it, 
the Aura orbit stays fixed relative to the sun to give 
daily global coverage with∼13 orbits per day. MLS 
Measurements are performed along the sub-orbital track, 
and resolution varies for different parameters—5  km 
cross-track × 500  km along-track × 3  km vertical are 
typical values. The resolution and accuracy of MLS v5 
ozone is given below:

MLS has been giving data since August 2004. In this 
study, we have used MLS v5 ozone volume mixing ratios and 
temperature values for the period 2005–2020. MLS ozone 
useful data range is 261–0.02 hPa, and for temperature, it is 
261–0.001 hPa.

2.2 � ERA5 datasets for calculating the Eddy Heat 
Flux

ERA5 is produced using 4D-Var data assimilation and model 
forecasts in CY41R2 of the ECMWF Integrated Forecast 
System (IFS), with 137 hybrid sigma/pressure (model) levels 
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in the vertical and the top-level at 0.01 hPa. Atmospheric 
data are available on these levels and that they also are 
interpolated to 37 pressure, 16 potential temperatures, and 
1 potential vorticity level(s).

The data are archived in the ECMWF data archive 
(MARS) and a pertinent subset of the data, interpolated to 
a regular latitude/longitude grid, and used for the analysis 
in this study. More details about ERA5 can be found in 
Hersbach et al. (2020). The eddy heat flux in the lower 
stratosphere is equivalent to the vertical component of the 
Eliassen–Palm flux (EP flux) and often used as a proxy for 
BDC (Andrews et al. 1987; Newman et al. 2001).

The direction and amplitude of EP Flux, a vector variable 
having non-zero components in the latitude-height plane, 
determine the relative significance of eddy heat flux and 
momentum flux. Meridional heat flux is the name of eddy 
fluxes that move heat and momentum meridionally, or 
from the tropics to the poles (Eliassen and Palm 1961). 
The influence of transient and stationary eddy fluxes on the 
zonal-mean circulation is frequently conceived of as being 
represented by Eliassen–Palm (EP) fluxes (Dwyer and 
O'Gorman 2017). Eliassen–Palm (EP) flux convergence best 
captures the planetary wave action driving the BDC. The 
easterly momentum deposited to slow the westerly zonal 
flow in winter is measured by the convergence of the EP flux 
in the stratosphere (Newman et al. 2001). The meridional 
or residual circulation must subsequently be started to 
achieve geostrophic equilibrium (Andrews et al. 1987). A 
measure of the vertical propagation of planetary waves from 
the troposphere is the vertical component of the EP flux 
vector, Fz, which is proportional to the eddy heat flux, v′T′. 
Variations in the BDC driving are usually described by any 
of them—the EP flux convergence and the eddy heat flux. 
We have used ERA5 temperature, and meridional winds (T 
and v) for our present study to calculate eddy heat flux which 
is used to represent the BDC. Monthly mean of T and v has 
been used for the same for the duration 2005–2020.

2.3 � ENSO Niño3.4 index, IOD index, and QBO winds

In the present study, ENSO time series is calculated based 
on the Niño3.4 Index which has been obtained from the 
NOAA ERSST v5 available at CPC (see https://​psl.​noaa.​
gov/​data/). The index is obtained by averaging the monthly 
SST anomalies over the East Central Tropical Pacific 
(170°–120°W, 5° S–5° N). The strength of IOD is usually 
denoted by the Dipole Mode Index (DMI) calculated over 
the Indian Ocean. The time series of monthly anomalous 
SST gradient between the western equatorial Indian Ocean 
(50°–70° E, 10° S–10° N) and the south-eastern equatorial 
Indian Ocean (90°E-110°E, 10°S-0°N) is obtained for this 
purpose (see https://​psl.​noaa.​gov/​gcos_​wgsp/). We refer 
to the positive (negative) IOD as and when the DMI is 

positive (negative). The strength of QBO is denoted by the 
standardized 50 mb zonal wind index available at CPC (see 
https://​www.​cpc.​ncep.​noaa.​gov/​data/​indic​es/). We have used 
monthly standardized data for this purpose.

3 � Results

3.1 � UTLS ozone, ENSO, IOD, and QBO: 
the teleconnection

Figure 1 illustrates the time series data for tropical UTLS 
ozone, as well as indices for the ENSO, IOD, and QBO. In 
the top panel of Fig. 1, monthly ozone anomalies are depicted, 
averaged across the tropical region (0°–360° E, 20° S–20° N), 
calculated from Aura-MLS ozone observations. These ozone 
anomalies are derived by subtracting the mean from individual 
months within the 2005–2020 timeframe. Further analysis 
was conducted on ozone anomalies at two distinct pressure 
levels, specifically 100 hPa and 82 hPa, as presented in the 
second and third panels of Fig. 1. The subsequent observa-
tion period encompasses notable occurrences, such as negative 
ozone anomalies at 100 hPa during 2010–11 and 2015–16. 
An intriguing observation emerges during the latter part of 
2010 and early months of 2011, where ENSO and IOD exhibit 
a negative phase, contrasting with a positive ozone anomaly 
peak. Simultaneously, the zonal wind pattern, represented 
by QBO in the bottom panel of Fig. 1, showcases a positive 
response. In a contrasting scenario during the subsequent 
time frame (late 2015 and early 2016), both ENSO and IOD 
shift to a positive phase, aligning with a positive ozone phase. 
Meanwhile, QBO indicates a negative, westward phase. Nota-
bly, the year 2019 marked a significant positive IOD event, 
documented as one of the strongest on record (Lu et al. 2020; 
Ratna et al. 2021). Despite the event's prominence and a mildly 
positive ENSO Index, the ozone anomaly at 100 hPa did not 
exhibit considerable variation in 2019. Through comprehen-
sive time series analysis, it becomes evident that the fluctua-
tions in tropical UTLS ozone over the observed period are 
intricately linked to large-scale phenomena, predominantly 
driven by the interplay between ENSO and IOD. This recog-
nition prompts a quantitative assessment of the influence of 
these oscillations on tropical UTLS ozone variability.

3.2 � Relation of the eddy heat flux with the observed 
ozone variation

We further utilized Eddy Heat Flux (EHF) as a proxy to 
explain the BDC (Weber et al. 2011). The relative importance 
of eddy heat flux and momentum flux is determined by the 
magnitude and direction of EP Flux, a vector variable in the 
latitude-height plane with non-zero components. According to 
Eliassen and Palm (1961), eddy fluxes that transport heat and 

https://psl.noaa.gov/data/
https://psl.noaa.gov/data/
https://psl.noaa.gov/gcos_wgsp/
https://www.cpc.ncep.noaa.gov/data/indices/
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momentum meridionally, or from the tropics to the poles, are 
known as meridional heat fluxes. The vertical component of 
the EP flux vector, Fz, which is proportional to the eddy heat 
flux, v′T′, provides a gauge of the planetary waves' vertical 
propagation from the troposphere. The EP flux convergence 
and the eddy heat flux are two concepts that are frequently 
used to characterize variations in BDC driving. Eddy heat 
flux has been computed by taking the zonal mean of the 
absolute product of v′ and T′. v′ is the difference between the 
actual meridional wind and the zonally averaged meridional 
wind, v� = v − v , and T′ is the difference between the actual 
temperature and the zonally averaged temperature

Krzyścin (2016) hypothesized strong ENSO and IOD 
influences the ozone distribution via BDC over the equato-
rial region. We have selected 3 years of events, 2010–11 
(strong La Nina), 2015–16 (strong El Niño and moderate 
IOD), and 2019 (strong IOD). Figure 2 (top and bottom 
panels) show the ozone anomaly and eddy heat flux for the 
year 2010–2011, respectively, using the ERA5 datasets. 

T
�
= T − T .

In Figs. 2, 3 and 4 top panels, we have plotted height-
time cross-section of ERA5 ozone volume mixing ratio 
(OVMR) [ERA5 gives ozone mass mixing ratio, and we 
converted that to volume mixing ratio] zonally averaged 
over 20° S–20° N latitudes. Figures 2, 3, 4 (bottom panels) 
represent the calculated eddy heat flux (which represents 
the BDC) over the same latitudinal belt. Weakened eddy 
heat flux represents weakening in BDC. It is clearly visible 
in all the three cases that a weakening in BDC in the lower 
height range resulted in succeeding ozone reduction in the 
higher heights. Stronger upwelling/stronger BDC trans-
forms more ozone from troposphere to stratosphere. When 
we can see higher positive eddy heat flux, we can see posi-
tive ozone anomalies in the upper heights. If we compare 
the three event years, it seems that the reduction in BDC is 
higher during the years 2015–16 and 2018–19 rather than 
2010–11, i.e., strong La Niña phases have lesser impact 
on the tropical upwelling compared to strong El Niño and 
strong IOD events.

Fig. 1   Time series of MLS ozone anomaly at 100 and 82  hPa, and 
standardized ENSO, IOD, and QBO indexes for the time period 
2005–2020. Top panel shows ozone anomaly, and QBO; middle panel 

shows ENSO proxy, and bottom panel shows IOD proxy DMI. The 
dashed lines represent the years when both the ENSO and IOD were 
in the same phase and ozone was in the opposite phase
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3.3 � Spatial pattern of ozone, water vapor, 
and temperature anomalies during three 
different event years

Figures 5, 6 and 7 depict the spatial pattern anomalies of 
ozone, water vapor, and temperature, respectively, over 
the tropics (20°N-20°S) for the time period 2005–2020 at 
100 hPa pressure level for the years 2010 (strong La Niña), 
2015 (strong El Niño + moderate IOD), and 2019 (strong 
IOD). In Fig. 5, we can observe that the ozone anomaly 
is moderately positive during strong La Niña (with much 
higher values in the Pacific), highly positive during strong El 
Niño and moderate IOD (higher values in the Indian Ocean 
[IO]), and highly negative during strong IOD events (higher 
negative values over the Pacific, and mild negative over IO). 
During the strong La Niña event, the water vapor anomaly 
shows positive values over the Pacific, IO, and negative 
values over central Atlantic and north of South America. 
During strong El Niño and moderate IOD event (2015), the 
water vapor anomaly is moderately positive all over the trop-
ics. And during the strong IOD event (2019), water vapor 
anomaly shows negative value over the Pacific but positive 
value over the IO. In case of temperature anomaly, we can 

see highly positive values over the Pacific and moderately 
positive values over the IO during 2010. During 2015, tem-
perature depicts positive anomalies all over the tropics. Dur-
ing the strong IOD year (2019), large negative anomalies can 
be found over the Pacific and moderate negative values over 
IO. Noticeably, positive ozone and temperature anomalies 
are observed in part of the northern and southern Atlantic 
during 2019. Overall, it is quite clear from the anomaly fig-
ures that the tropical temperature is mostly modulated by the 
ozone concentration itself.

The potential connection between ENSO and IOD 
phenomena is postulated to involve the extension of the 
Walker Circulation toward the western regions, along 
with the related Indonesian throughflow—referring to the 
movement of warm tropical ocean water from the Pacific 
Ocean into the Indian Ocean. However, the visual depictions 
presented in the previous figures provide a qualitative 
overview of the influence of these large-scale circulations on 
tropical UTLS ozone patterns. To provide a more rigorous 
and quantitative understanding of the impact exerted 
by ENSO, IOD, and QBO events on the observed ozone 
anomaly, we conducted a comprehensive multivariate linear 
regression analysis. This analytical approach is designed 

Fig. 2   (Top panel) time-height cross-section of the ozone anomaly, and (bottom panel) eddy heat flux (proxy for BDC) for the years 2010–2011
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to assess the relationships and potential contributions of 
these distinct climate oscillations to the variations observed 
in ozone anomalies. The outcomes of this analysis are 
succinctly portrayed in the subsequent figure, offering a 
more systematic and data-driven perspective on the intricate 
interactions between ENSO, IOD, QBO events, and their 
collective influence on tropical UTLS ozone patterns.

3.4 � Multivariate linear regression analysis of ozone 
anomaly

The purpose of multivariate linear regression (MLR) 
analysis is to regress ozone (Y) on the predictors (X) or 
to describe how Y depends on X (regression line or curve) 
X1, X2, …, Xk ⇨ Y. The Xi (X1, X2, …, Xk) is defined as a 
“predictor”, or “independent” variable, while Y is defined 
as a “dependent”, “response” or “outcome” variable. 
Assuming a linear relation in population, mean of Y for 
given X equals α + βX, i.e., the “population regression 

line”. If Y = a + bX is the estimated line, then the fitted 
Ŷi = a + bXi is called the fitted (or predicted) value. 
Therefore, in the present study, the model looks as

where ozone anomaly (observed) =  > Y; standardized ENSO 
index =  > x1; standardized IOD index =  > x2; standardized 
QBO index =  > x3. This is also known as the least square 
method. Figure 8a shows the MLR of ozone anomaly as the 
dependent variable with ENSO, IOD, and QBO as the com-
ponents or independent variables. It is found from the model 
parameters that ENSO, IOD, and QBO altogether contribute 
to the 25% observed variation in the tropical UTLS during 
the period. Figure 8b depicts the individual effects of the 
three components separately. In Fig. 8a, we have shown the 
upper boundary and lower boundary for the fitted data with 
95% confidence intervals. It depicts clearly that the fitted 
ozone gives the acceptable fit values with the considered 
proxies. Therefore, it also becomes clear that ENSO, IOD, 

Y = B0 + B1.x1 + B2.x2 + B3.x3,

Fig. 3   Same as Fig. 2 but for the years 2015–2016
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Fig. 4   Same as Fig. 2 but for the years 2018–2019

Fig. 5   Spatial pattern of ozone 
anomaly at 100 hPa over the 
tropics for the three event years 
of a only strong ENSO, b only 
strong IOD, and c during strong 
ENSO and moderate IOD 
events
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Fig. 6   Same as Fig. 5 but for 
water vapor

Fig. 7   Same as  Fig. 5 but for 
temperature

Fig. 8   a Observed ozone 
anomaly plotted with fitted 
ozone anomaly after multivari-
ate linear regression analysis 
performed on observed ozone 
anomaly (dependent variable) 
using ENSO, IOD, and QBO 
as the independent variables 
for the time period 2005–2020 
(192 months). b The time series 
of the variability for each of the 
components during the same 
time period



	 O. Nath et al.   10   Page 10 of 12

and QBO are having profound impact on the UTLS ozone 
variation.

4 � Discussion and conclusion

The present study discusses the ENSO–IOD coupled effect 
on tropical UTLS ozone variability assessed over the period 
of 16 years (2005–2020). Understanding the mechanisms 
modulating the tropical UTLS ozone variability is important 
because of STE processes and the transport of ozone to 
the upper tropospheric heights (Davies and Schuepbach 
1994), and the transport of water vapor and other gases to 
the lower stratosphere. We have used UTLS ozone mixing 
ratios (100 hPa and 82 hPa) over the tropical belt (20° 
N–20° S). Our study focuses on the interannual variations in 
relation with the combined effect of ENSO and IOD during 
the years (2005–2020) where we note distinct variations 
of ozone throughout the period. We have identified three 
different years with strong La Niña (2010), strong El Niño 
and moderate IOD (2015), and strong IOD (2019) events, 
and investigated the ozone anomaly during those years. We 
have also investigated the QBO pattern throughout the same 
time duration. QBO follows the ozone anomaly phase which 
means when the ozone anomaly is positive (negative) QBO 
is in positive (negative) or eastward (westward) phase. A few 
previous studies have discussed the ENSO effect on ozone, 
but this is the first time the combined and individual effect 
of ENSO–IOD occurrences on the UTLS ozone variability 
has been investigated over the tropics. Gamelin et al. (2020) 
showed ENSO teleconnection with UTLS ozone variability 
over South America. In their work, they have come up 
with the findings that during September–November, there 
are significant differences in the relationships between the 
ENSO teleconnections on UTLS ozone variability, and 
these differences depend on Pacific Decadal Oscillation 
phases. Our present work focuses on the tropics, we found 
that along with ENSO, IOD seems to show some kind of 
teleconnection with the UTLS ozone. Nassar et al. (2009) 
stated that ENSO alone shows elevated levels of tropical 
tropospheric ozone. In our study, when we looked into the 
ENSO–IOD combined effect, we found that it is negatively 
correlated with the UTLS ozone. To check the tropical 
upwelling, we also calculated the eddy heat flux and we 
have found that weak EHF in the lower tropospheric heights 
was succeeded by negative ozone anomaly near the UTLS 
and positive EHF brings more ozone to the UTLS, and 
during that time, QBO was also in eastward phase, which 
also favors the increase in the UTLS ozone near 100 hPa 
(Zhang et al. 2021). Multivariate regression analysis of the 
observed ozone anomaly (Fig. 8a), considering standardized 
ENSO, IOD, and QBO indexes as the independent variables, 

shows that the combined contribution of the ENSO, QBO, 
and IOD proxies can account for nearly one-fourth of its 
total variation during the analysis period (2005–2020). 
Although from Fig. 8b, it is clear that ENSO is having the 
maximum influence on the UTLS ozone anomaly compared 
to that of IOD and QBO, we can observe that ozone anomaly 
was largely negative when ENSO and IOD occurred 
together. This work evokes a new aspect to look into the 
UTLS ozone changes considering the significant links to 
the tropical Indian and Pacific Ocean particularly in case of 
co-occurrences of ENSO and IOD.
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