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Introduction
Tropospheric ozone is a photochemical pollutant produced from 
the chemical reaction of its precursors. It can have serious social 
and economic consequences, including adverse effects on human 
health and reduced agricultural production [ 1, 2, 3, 4]. In addition, 
ozone is a greenhouse gas that absorbs terrestrial longwave radia-
tion and warms the atmosphere despite its short residence time [5].

While tropospheric ozone concentration is mainly controlled by 
in situ photochemical reactions and net transport from the strato-
sphere [6]. Some studies have revealed the role of El Niño-South-
ern Oscillation (ENSO) in large-scale interannual variations of 
ozone in the tropics. El Niño can cause a decrease in tropospheric 
ozone in the eastern Pacific and an increase in the western Pacif-
ic [7, 8]. This negative (positive) ozone anomaly in the eastern 
(western) Pacific during El Niño periods can be attributed to in-
creased (suppressed) convection associated with weakened Walk-
er circulation. La Niña generally induces the opposite conditions; 
with suppressed (increased) convection, tropospheric ozone is 
increased (decreased) over the eastern (western) Pacific [8-10]. 
Modeling studies suggest that suppressed convection promotes 
downward transport of air with higher ozone content from the 
upper troposphere, thereby increasing tropospheric ozone con-
centrations [10-12]. In contrast, increased convection and upward 
movement of ozone-poor air from the surface results in a decrease 
in tropospheric ozone.

Changes in circulation associated with ENSO events also play a 
substantial role in inducing interannual tropospheric ozone vari-
ability, extending to the extra tropics [13]. Olsen et al. identified a 
significant link between ENSO and tropospheric ozone in mid-lat-
itudes from satellite-measured ozone assimilation [14]. This link 
mainly reflects the connection of tropospheric ozone to ENSO-in-
duced anomalous anticyclonic and cyclonic circulations, suggest-

ing that higher and lower tropospheric ozone are attributable to 
increased and suppressed vertical transport of ozone, respectively. 
In addition, tropospheric ozone can be transported to other regions 
via atmospheric circulation, indicating the importance of consider-
ing atmospheric conditions in ozone variability analysis [13, 15].

ENSO, a tropical Pacific phenomenon characterized by coupled 
oceanic (El Niño) and atmospheric (southern oscillation) compo-
nents, an important source of interannual variability in the atmo-
sphere as well as the distribution of atmospheric tracers, such as 
stratospheric ozone [16]. More definitions about this phenomenon 
in [17]. Any modification in lower stratospheric ozone induces po-
tential anomalies in troposphere circulation and temperature that 
are strong enough to impact the surface [18]. These assessments of 
the impact of ENSO on the distributions of atmospheric constitu-
ents in the tropical region are mainly focused on ozone and water 
vapor [19, 20]. According to Manatsa and Mukwada, the results 
indicate that during ENSO extremes the Walker Circulation (CW) 
and CBD are related to lower changes in stratospheric ozone and 
consequently in the Total Ozone Column (TCO) eastward in the 
Pacific [21, 22].

The Atlantic Forest area is an extremely important biome due to 
its abundant biological diversity and has gained great interest as a 
conservation area since its biome has been considerably reduced. 
The Brazilian Cerrado, a vast tropical savanna ecoregion, is widely 
known for its native habitats and rich biodiversity, and represents 
the second largest biome in South America, after the Amazon. The 
Cerrado of Mato Grosso do Sul is in two hydrographic regions of 
Brazil, Paraná and Paraguay. The Pantanal region is the world’s 
largest inland wetland. It is a home to a rich wildlife and is known 
for its unique biome, however it is also considered as a biodiversi-
ty hotspot due to environmental degradation and damage (Teodoro 
et al. 2016; Oliveira-Júnior et al. 2020) [2, 3, 23].
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Therefore, the objective of this study is to evaluate the variability 
of TCO on MS in interannual time scales, obtain the average con-
centration, evaluate regions within the study area with different 
behavior of variations and analyze the influence of the ENOS vari-
ability mode, with emphasis in El Niños no Cerrado in the state of 
Mato Grosso do Sul in Brazil.

Materials and Methods
Study Area Geography and Meteorology
The state of MS is in the Midwest Region of Brazil (Figure 1a), 
with approximately 358.159 km2. The State is known for its ag-
ricultural activity, the main economic products in MS, in particu-
larly soy and cattle production. The topography (Figure 1b) has 
elevations ranging from 24 to 1,100 m,while the mean annual tem-
peratures range from 20 to 26°C, and mean annual rainfall ranges 
from 1,000 mm to 1,900 mm. The state has a well-defined dry 
season between April and September, in which the highest rainfall 
records are observed in the southern portion of the state. However, 
in the rainy season, the northern region of the state receives higher 
rainfall records in the rainy season (between October and March) 
compared to the southern region [2, 3, 23].

The Köppen's climate classification divides the climate diversity 
of MS to several climatic regions: i) “Aw” (in the Southeast and 
North of the state), ii) “Am” (central region), iii) “Af” (South-
west), and iv) “Cfa” (Southern state) (Figure 1c). In the Southwest 
of MS, south of the Pantanal (between -21º and -22º latitudes), 
the climate characterizes as tropical forest (“Af”), with rainfalls 
distributed throughout the year. The central portion of the state is 
predominantly characterized by tropical monsoon climate (“Am”), 
with a small dry season during winter. The North, the small part of 
the central region and the Southeastern state, the natural climate is 
savannah (“Aw”) which tends to dry winters and rainy summers. 
Only in the South of the state, the climate is humid with hot sum-
mers during all seasons (“Cfa”) (temperatures > 22ºC) [24, 25]. 
The biome diversity of MS, as represented in Figure 1d, includes 
areas of the Atlantic Forest, Cerrado and Pantanal (encompassed 
14%, 61% and 25% of the state’s area, respectively). The cities 
studied in the state of MS were Campo Grande (State capital), 
Chapadão do Sul, Corumbá, Coxim, Dourados, Ponta Porã, Porto 
Murtinho and Três Lagoas - (Figure 1). These cities were chosen 
according to the availability of the O3 concentration data (DU).

Figure 1 
Mato Grosso do Sul state in Brazil (a) and its model digital elevation (MDE) (b), climate classification by Köppen (b) and biomes(d) 
localization and cities of study.
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Satellite Data for O3
For this work satellite data (AUREA, Ozone Monitoring Instru-
ment - OMI sensor, 0.25-degree resolution and duration in years 
from 2005 to 2020) are selected. OMI was designed to distinguish 
the ozone and other atmospheric species including aerosol types 
such as smoke, dust and sulphates and can measure cloud pressure 
and coverage, which provide data to derive tropospheric ozone by 
nadir viewing, wide field imaging UV and visible spectrometer. 
OMI sensor having spectral region of 264-504 nm, spectral reso-
lution of 0.42nm- 0.63nm and resolution of 0.1250 × 0.1250. The 
main objective of OMI is to get the global measurements in both 
troposphere and stratosphere at high spatial and spectral resolution 
of a number of trace gases [26]. 

For monitoring the recovery of the ozone layer OMI is the key 
instrument on EOS Aura in response to the phase out of chemicals, 
such as CFCs, agreed to by the nations of the world in the Montre-
al protocol and later modifications to it at Copenhagen, and Lon-
don. For total ozone measurements OMI effectively continues the 
TOMS record. OMI technique used by DOAS theory Beer-Lam-
bert Law Measure wavelength dependent light intensity I [λ] as 
light passes through the air mass. Initial intensity Io [λ] decreases 
in the air mass due to absorption by the trace gas and scattering 
by molecules and aerosol particles. Trace gas can be detected in 
the ratio of I [λ] to Io [λ] as a function of wavelength due to their 
unique absorption features. 

Analysis of Historical Series of Monthly Precipitation
The analysis of the occurrence of ENSO climate variability mode 
during the period from 2005 to 2020 consisted of plotting the 
annual totals of the series by extracting its linear trend line and 
the standard deviation of the series and then comparing the annu-
al totals with the information about the occurrence of the ENSO 
climate variability mode available on the website of the National 
Weather Service Climate Prediction Center (NOAA) (http://www.
cpc.ncep.noaa.gov). Another way of analyzing the influence of the 
ENSO climate variability mode on the series' annual rainfall was 

through the application of the Rain Anomaly Index (RAI), in order 
to of obtaining the positive and negative anomalies [2, 3, 27].

Results and Discussions
Analysis of interannual variability of TCO in Mato Grosso do 
Sul
The evaluation of the behavior of the interannual and seasonal 
variability of the TCO for the entire MS region is presented in 
Fig. 1. The interannual variability of RAI+ and RAI- for the pe-
riod between 2005-2020 is represented in Fig. 2 and Fig. 3. The 
equation of the linear regression line presents a negative angular 
coefficient, indicating a tendency to decrease the average values of 
TCO (supplementary Figure 1). It is possible to observe that the 
TCO values in MS in the analyzed period are typically concentrat-
ed between 254 with a minimum average of 260 and a maximum 
average of 258 with a standard deviation of 2.36 UD and a coeffi-
cient of variation of 5.55 DU. The existence of a semi-annual cycle 
of variation of the TCO was observed, having its minimum values 
in the April-May-June quarter of each year and the highest in the 
September-October-November quarters, in line with the study pe-
riod of 2005 to 2015, similar to what was observed by in the period 
2001 to 2009 and in the period from 1978 to 2013 [28, 29, 30]. The 
semi-annual cycle of the MS region shows the behavior of TCO 
in each year, the variability of the values found corroborates those 
obtained by [30]. In this cycle there is not great influence of the 
ENSO variability modes.

The variation in TCO in MS is not as pronounced as seen in and 
but it presents a smooth curve with a variation of approximately 
6.29 DU, its minimum value in the year 2019 (254.39 UD) and 
the maximum value in the year 2008 (260.66 UD) [29, 30]. In the 
years 2005-2011, the average TCO values remain almost station-
ary between 259 DU and 260 DU, in the following years it shows 
an intense decrease until reaching the lowest value, 254 DU in the 
years 2018, 2019 and 2020. This annual cycle is observed along 
higher latitudes, however with greater variations as shown in [31].
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Figure 2 - Spatial and temporal distribution of TCO (DU) for the state of Mato Grosso do Sul from 2005 to 2020.
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Analysis of Rainfall Anomaly Indices
To understand the participation of ENSO phenomena in the total 
annual precipitation of the series presented, the RAI adapted by 
was applied [2, 3]. The RAI classification is performed following 
the values described by [27]. Figure 3 shows the estimated RAI for 
the series of each of the eight regions, which allows classifying the 
years according to the proposal of (Table 2), and thus obtain the 
framing of the years in Table 2 [2, 3].

In the analysis of the data from the historical series (2005 to 2020), 
for the 8 rainfall stations studied and distributed, the RAI are ob-
served for each location. According to this region has a certain cli-
matic uniformity with regard to atmospheric mechanisms (mainly 
the circulation of air masses), which makes regional thermal di-
versification due to geographic factors such as altitude, latitude 
and longitude (continentality) [32]. The same author states that all 
static climatic factors, such as relief, act on the climate of a giv-
en region in interaction with the regional systems of atmospheric 
circulation, which demonstrates the importance of knowing the 
circulation systems that act in the region along the of the year to 
understand the climate.

The dynamics of the study area
Regarding the seasonal and spatial distribution of rainfall, Reboita 
et al. states that these are very simple, as the topography charac-
teristics do not offer great barriers to the atmospheric circulation 
systems, which define the rainfall in the Brazilian Center-West Re-
gion these precipitations are not evenly distributed throughout the 
year [32]. In almost all regions, more than 70% of the total precip-
itation accumulated during the year is from November to March, 
with the November-January quarter being generally the wettest. 
On the contrary, the winter is excessively dry and at this time of 
year the rains are very rare, with an average of 4 to 5 days of oc-
currence of this phenomenon per month, being even scarcer in the 
western sector of MS, where at least one month does not record a 
single day of rain. Therefore, drought occurs most frequently in 
the June-July-August winter quarter believe that only topographic 
factors do not play a conditioning role in the spatial distribution 
of these variables since the atmospheric circulation conditions are 
practically the same for the entire state of MS. On a macroscale, 
the main air masses that influence the seasonal variation and distri-
bution of rainfall in the region are the Tropical Atlantic and Polar 
Atlantic (in winter) and the Tropical Atlantic Mass (in summer) 
[2, 3, 23].

The rainy season (October to March/April) concentrates over 85% 
of annual rainfall, with December and January contributing over 
35% of annual rainfall. The rainy season (October to March/April) 
concentrates over 85% of annual rainfall, with December and Jan-
uary contributing over 35% of annual rainfall. The dry season, 
which begins in April and extends until the beginning of October, 
is characterized by a significant reduction in rainfall. In the driest 
quarter of the year (June-August), precipitation represents, on av-
erage, less than 2% of the annual total the daily evapotranspiration 

(ET) and that does not change the dryness of the environment. 
These periods usually exceed 100 days.

During the period of analysis, the average number of consecutive 
days in which prolonged droughts occurred did not exceed 75 con-
secutive days, with the average number of days without significant 
rainfall (less than 2.5 mm) being 110 days and that almost half of 
the years has a long period without rain of more than 75 uninter-
rupted days. This period coincides with the dry season, being more 
common in the months of June, July and August, reaching until 
mid-September state of MS [2, 3, 23].

Table 2 shows that after the application of the RAI, 5.7% of the 
years were considered extremely humid [RAI (4)]. In turn, clas-
sified as very humid (2 ˂RAI ˂4) are 14.1% of the years and be-
tween 0 <RAI <2, that is, wet years, are 32.4%. are 5.0% of the 
years. In the years classified by the RAI as very dry (-4 ˂RAI ˂-2) 
are 17.2% and the dry RAI (-2 <RAI <0) 5.7%. Finally, the years 
without anomalies correspond to 3.4%. The years 2004, 2005 and 
2006 (normal years) were classified by the RAI as “very dry” (-4.0 
< RAI < -2.0). In 2004, 2005 and 2006, the behavior of precipi-
tation should not be scarce, as they are under the neutrality of the 
ENSO phenomenon, minimum of 72 mm.

The analysis phase of the occurrence of ENSO climate variability 
mode was for the period 2005-2020. For this, the graphs in Figure 
3 show the annual RAI+ and RAI- together with their linear trend 
line and the standard deviation of the series (supplementary Figure 
2).

In Figure 3, it is also possible to identify years that presented pre-
cipitation within the standard deviation of the series, considered 
years with normal precipitation and that were under the influence 
of the ENSO climate variability mode, both in its positive and neg-
ative phases. The classification of the ENSO climate variability 
mode in years with annual precipitation totals within the standard 
deviation of the series: 2000; 2001; 2007; 2008; 2010 and 2011 - 
La Niña and the years: 2002; 2005; 2007; 2009; 2010 - El Niño 
[34].

It is possible to notice that the adoption of the standard deviation 
of the series as a method of verifying the influence of ENSO in the 
annual totals of precipitation for MS, cannot represent, with great 
precision, the behavior of the phenomenon, mainly in relation to 
the years with low annual precipitation volumes (negative phase of 
the phenomenon) [2, 3].

Climatic anomalies can last several months, mainly in the tropical 
atmosphere, and are not only characterized by the lack or excess 
of some meteorological element, but also imply a change in their 
temporal and spatial distribution. On a global scale, the greatest 
influence is due to the ENSO climate variability mode and its 
different phases/intensities (El Niño -EN; La Niña -LN), which 
are closely related to changes in climate, atmospheric circulation 
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configurations and ocean-atmosphere interaction in the Pacific and 
Atlantic oceans thus determining air temperature anomalies and 
especially rainfall in various regions [32, 35]. ENSO can mainly 
influence the change in the regional rainfall regime, which can re-
sult in severe droughts or extreme rainfall, significantly interfering 
with human activities and alternating rainy and dry periods.

In general, the impacts of El Niño and La Niña events are known 
to have spatial and temporal variability, with long periods with 
consistent continuous anomalies not being observed at the regional 
scale [36]. According to Souza et al. (2013) the total monthly and 
annual variations in precipitation are due to the behavior of the re-
gional atmospheric circulation throughout the year, together with 
local or regional geographic factors, the atmospheric systems op-
erating in Mato Grosso do Sul are: Intertropical Convergence Zone 
(ITCZ), Equatorial Zone Continental Tropical System (EZCTS), 
Atlantic Tropical System (STA), Atlantic Polar System (APS) and 
South Atlantic Convergence Zone (SACZ) [2, 3, 34].

The characterization of dry winters and rainy summers in Cen-
tral-West Brazil stems from the stability generated by the influ-
ence of the South Atlantic Subtropical Anticyclone (SASA) and 
the small ridges that form over the South American (SA) conti-
nental part. The rainy season is associated with the southward shift 
of the ITCZ, following the apparent movement of the sun towards 
the Tropic of Capricorn (summer). Over the central portion of SA, 
the CIT advances further south than in coastal regions, generating 
instability throughout central Brazil in the summer months. Due to 
the influence of the tropical marine and equatorial air mass, tem-
peratures are high throughout the year. In winter, when the ITCZ is 
shifted to the north, the region has low or no precipitation (Oliveira 
Júnior et al. 2021). According to Souza et al. (2013) an important 
climatic factor that acts in the state of MS and alters rainfall lev-
els is altitude, which allows for differences in thermal and rainfall 
conditions between nearby locations (distances less than 100 km 
from each other).

Figure 3 - Spatial and temporal distribution of RAI+ and RAI- for the state of Mato Grosso do Sul from 2005 to 2020.
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Figure 4 shows the correlation (r) and p values for the correla-
tion between ozone and RAI+ and RAI -, for Mato Grosso do Sul. 
Pearson's correlation coefficients range from -0.94 (Coxim) to 
-0.54 (Gold), for RAI - and ozone at 5% error probability (r ≠ 0) 
and for RAI+ and ozone they ranged from -0.93 (Ponta Pora) to 
-0.70 (Corumba).

The weak correlation indicates little influence of the El Niño and 
La Niña phenomena on the O3 of Mato Grosso do Sul. However, 
here there can often be a delay in the response of the precipitation 
index to the occurrence of ENSO and in the O3 column, which 
may, in part, explain the low correlations.

Figure 4: Spatial distribution of correlations between RAI+ and ozone column and RAI- and ozone column for the state of Mato Grosso 
do Sul from 2005 to 2020.

Influence of ENSO on the Interannual Variability of TCO in MS
The variability of TCO for the period from 2005 to 2020 in the MS 
region is shown in Fig. 2, where it is possible to observe the TCO 
values with a variation of ~2.5% in the region. The most signifi-
cant variations occur in the period between August and November, 
a period in which there is a significant increase in TCO averages in 
the mid-latitudes regions due to the presence of the Antarctic Polar 
Vortex, which acts as a barrier preventing the arrival of the con-
tents of ozone distributed by the CBD in the polar region, and thus, 
the ozone contents are trapped in the mid-latitudes region similar 
to what was exposed in ( Dias Nunes et al. 2020). From April to 
May all latitudes show a decrease in mean values.

Observed Tropospheric Ozone Response to La Niña
Higher tropospheric ozone levels are evident at mid-latitudes, 
(Figure 1), mainly due to higher emission of ozone precursors La-

marque et al. [37]. To determine the relationship between MS sat-
ellite-derived tropospheric column and La Niña events, we com-
pared the La Niña index and ozone anomaly time series. There 
were six La Niña and five El Niño events during 2005-2020 (see 
supplementary material, supplementary), implying that the irregu-
lar occurrence of ENSO does not significantly affect ozone levels. 
MS ozone concentration shows considerable interannual variabil-
ity with a standard deviation of 2.36 DU and appears to be behind 
the La Nina index by a few months, implying that the mechanism 
of O3 variation may be associated with ENSO.

To verify the spatial distribution of O3, we evaluated the regres-
sion of tropospheric column ozone in relation to the La Niña index 
(supplementary material 3). A slight increase/decrease in tropo-
spheric column ozone is observed with an average regression co-
efficient: R2=0.88 for Ponta Porã (RAI+) and a smaller R2=0.32 for 
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Chapadão do Sul (RAI-) (supplementary Figures 3 and 4). Thus, 
ENSO can be considered the main driver of interannual variability 
in TCO over MS; higher and lower levels of O3 are associated with 
La Niña and El Niño, respectively.

As we used the linear regression method, the ozone anomalies 
associated with El Niño would resemble those of La Niña, but 
with opposite signs. In other words, El Nin leads to a decrease 
in tropospheric column ozone. This indicates that anthropogenic 
emission trends alone are not sufficient to unambiguously attribute 
ozone trends to global climate change, because each ENSO event 
has unique appearances Timmermann et al., and ENSO has been 
changing [39].

El Niño Effects on the Troposphere
ENSO also has a major influence on the interannual variability 
of troposphere chemistry [40]. Studies of the impact of ENSO on 
composition (ozone and precursors) in the tropical region found an 
increase in tropospheric O3 column in the western Pacific and over 
Indonesia in El Niño years associated with dryness, downward 
motion and suppressed convection [41]. High tropospheric ozone 
levels can be observed, coincident with fires over MS during El 
Niño-induced drought conditions. This increase is of interest in the 
impact of ENSO on tropospheric ozone, particularly in relation to 
atmospheric dynamics compared to the increase in biomass burn-
ing during El Niño, it can be observed that fires increase during El 
Niño events with an even greater increase during El Niño events 
extreme events. So far, the measured and simulated tropospher-
ic ozone column anomaly patterns for El Niño have been quite 
consistent, showing an increase over MS. These changes in TCO 
are attributed to a combination of large-scale circulation process-
es associated with changing Walker cell convection patterns and 
surface/boundary layer processes due to forests in MS biomes. 
Changes in circulation cause a decrease in TCO associated with in-
creased convection and upward movement of low-ozone air from 
the lower troposphere, and an increase associated with suppressed 
convection and downward movement of ozone-rich air from the 
upper troposphere Doherty et al. [40]. In addition to the anti-cor-
relation between TCO anomalies and convection changes, Sudo 
and Takahashifound that there are other chemical changes occur-
ring during El Niño, changes in specific humidity, cloud mass flow, 
and wind impact the chemical lifetime of O3 [10, 11]. In the atmo-
sphere the troposphere decreased humidity results in an increase in 
O3 lifespan and vice-versa.

Wei et al. studied the ENSO in Asia, using satellite measurements 
of tropospheric column ozone and chemical-climate model sim-
ulations, found that observed ozone tends to increase in the East 
Asian troposphere 4 months after the La Niña peak [41]. These 
post-La Niña changes are also evident in the results of the chemi-
cal-climate model, albeit with a slightly longer delay (5 months).

Lima et al. analyzed the annual variation and effects of the El Niño 
atmospheric variability mode (Canonical and Modoki) on the TCO 

over Northeast Brazil (NEB) between 1997 and 2018 using data 
from Total Ozone Mapping Sensors Spectrometer (TOMS) and 
OMI [28]. There was an average monthly variation throughout the 
studied area with typical behavior of the annual cycle in season-
al variability, with a minimum value in May and a maximum in 
October. A downward trend was observed in the series of mean 
values during the analyzed period. The averages of the anomalies 
show that El Niño events affect the TCO, predominantly causing a 
decrease in its values. These events in Modoki mode have greater 
potential to affect the TCO than Canonicals with negative anoma-
lies of greater intensity.

Yang et al. studied different impacts of hot/cold phases of ENSO 
on summer tropospheric O3 over China based on model simula-
tions, soil measurements and reanalysis data [42]. Summer surface 
O3 concentrations in China show a positive correlation with the 
ENSO index during the years 1990-2019, with the largest increas-
es of 20% in southern China in El Niño (warm phase) versus La 
Niña years (cold phase). Furthermore, the increase in O3 during 
El Niño years is mainly due to domestic emissions in China. This 
study highlights the potential significance of ENSO in modulating 
tropospheric O3 concentrations in China, with major implications 
for the mitigation of O3 pollution.

Conclusions
Considering that ozone controls atmospheric oxidizing capacity, 
understanding the influence of ENSO on tropospheric ozone vari-
ability is essential to unravel its complex climate-chemical interac-
tions. In general, ENSO modulates atmospheric circulation, how-
ever, there is insufficient evidence of tropospheric ozone changes 
due to ENSO-induced circulations.
• Ozone increases over the MS region during El Niño events and 
decreases during La Niña events.
• ENSO may be one of the main drivers of tropospheric column 
ozone variability in MS. First, observational analysis revealed that 
tropospheric column ozone tends to increase after La Nina peaks, 
along with the anomalies and descenders that provide favorable 
weather conditions for ozone transport. It should also be noted that 
the properties of ENSO are continuously changing under green-
house warming. Thus, the effects of ENSO on tropospheric ozone 
may change, which is an interesting question to be resolved [43].
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