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ABSTRACT

This study investigates the spatial and temporal variability of the Total Column Ozone (TCO) across three Brazilian

biomes—Cerrado, Pantanal, and Atlantic Forest—between 2005 and 2020. Satellite-derived TCO data from the Ozone

Monitoring Instrument (OMI) were used to assess monthly, seasonal, and interannual variations. Linear and polyno-

mial regressions were applied to identify trends and variability, while descriptive and comparative statistics supported

biome-specific characterization. The results reveal distinct seasonal cycles, with primary TCO peaks during the dry season

(August–October), driven by intense solar radiation and biomass burning, and secondary peaks during the rainy season

(March–May), likely influenced by stratospheric ozone transport. The Cerrado exhibited the highest TCO values and

variability, followed by the Atlantic Forest and Pantanal. The observed upward TCO trend (~ 0.03 DU/year) is modest

and biome-dependent, reflecting both global atmospheric circulation patterns (e.g., Brewer–Dobson, QBO) and localized

human impacts such as land use change and fire regimes. Notably, the Pantanal showed the lowest TCO concentrations

and interannual fluctuations, likely due to its flat topography and high humidity. This work emphasizes the importance of

regionalized ozone monitoring in tropical ecosystems and supports public policy aimed at reducing emissions, protecting
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biodiversity, and mitigating climate impacts. The integration of satellite-based data and spatiotemporal analysis pro-

vides valuable insights for future climate-chemistry modeling in tropical regions.

Keywords: Total Column Ozone; Cerrado; Pantanal; Atlantic Forest; Remote Sensing; Seasonal Variability; Atmospheric

Dynamics

1. Introduction

Atmospheric ozone (O₃) is a chemically active trace gas

that occurs naturally in both the troposphere and stratosphere.

In the troposphere, ozone acts as a pollutant with harmful

effects on human health and ecosystems, functioning as a

potent oxidizing agent and greenhouse gas [1,2]. Conversely,

in the stratosphere, ozone plays an essential role in absorbing

harmful ultraviolet (UV) radiation, thereby protecting life on

Earth. As both a greenhouse gas and UV absorber, ozone has

a significant influence on the atmospheric radiation balance

and on climate variability [3,4].

Over recent decades, anthropogenic activities have led to

a decrease in the Total Column Ozone (TCO), especially at po-

lar and mid-latitudes [5]. The implementation of the Montreal

Protocol and its subsequent amendments have been pivotal

in halting and reversing this depletion, with observed signs

of stratospheric ozone recovery at high and mid-latitudes [6–9].

Nonetheless, the recovery remains heterogeneous, and uncer-

tainties persist regarding ozone trends in tropical regions [10].

Understanding the spatial and temporal behavior of

TCO in tropical biomes is essential to assess the regional

impacts of climate variability and anthropogenic pressures.

The Cerrado, Pantanal, and Atlantic Forest biomes in Brazil

exhibit distinct ecological and climatic characteristics, which

affect ozone dynamics. The Cerrado, a tropical savanna, is

significantly influenced by seasonal biomass burning, which

emits ozone precursors such as nitrogen oxides (NOₓ) and

volatile organic compounds (Vox) [11,12]. The Atlantic Forest

is subject to urban and industrial emissions, particularly in

coastal areas, contributing to regional ozone chemistry alter-

ations [13]. The Pantanal, one of the world’s largest wetlands,

exhibits unique atmospheric behavior due to hydrological

seasonality and the long-range transport of pollutants [14,15].

Seasonal variations in TCO are pronounced in Brazil,

with maxima during austral spring attributed to enhanced

stratosphere-troposphere exchange, and minima during au-

tumn [16]. Atmospheric features such as the South Atlantic

Convergence Zone (SACZ) and varying air mass trajectories

further modulate ozone distribution across regions [16,17].

The Brewer–Dobson circulation (BDC) is the large-

scale meridional overturning circulation of the stratosphere.

It is driven primarily by the breaking and dissipation of plan-

etary (Rossby) and gravity waves, which induce upward

motion of air in the tropical stratosphere and poleward trans-

port at higher altitudes, followed by descent in the mid- and

high latitudes [18,19]. This circulation plays a fundamental

role in redistributing ozone globally: ozone is mainly pro-

duced in the tropical stratosphere by photolysis of molecular

oxygen, then transported poleward and downward by the

BDC, leading to higher ozone concentrations at mid- and

high latitudes. In the tropics, by contrast, ozone concentra-

tions remain relatively lower due to the continuous upward

motion and export of ozone-rich air to other latitudes. There-

fore, the BDC is critical for understanding the seasonal and

interannual variability of the Total Column Ozone (TCO)

observed in different biomes.

This study aims to characterize the seasonal patterns

and long-term trends of TCO across the three major biomes

of Mato Grosso do Sul from 2005 to 2020. Using satellite-

based data from the OMI sensor, we analyze monthly, sea-

sonal, and interannual TCO variations and their potential

driving factors. By exploring regional ozone dynamics in

relation to meteorological and anthropogenic variables, this

study contributes to a deeper understanding of ozone vari-

ability in tropical South America and informs climate and

environmental policy development.

2. Materials and Methods

2.1. Study Area

The study focuses on three biomes in the state of Mato

Grosso do Sul (MS), Brazil: Cerrado, Pantanal, and Atlantic

Forest. These biomes exhibit distinct climatic, topographic,

and ecological characteristics (Figure 1).
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Figure 1. Location of South America and Brazil, Highlighting the State of Mato Grosso do Sul and Its Three Main Biomes: Cerrado

(red), Pantanal (blue), and Atlantic Forest (purple). The Dashed Green Line Indicates the Approximate Boundary of Mato Grosso do Sul.

Cerrado – Located approximately between 17°S and

23°S and 52°W and 56°W, the Cerrado features a tropical

seasonal climate (Aw – Köppen), with a pronounced dry

winter and a rainy summer. Elevations range from 200 to

1,000 meters. The vegetation includes savanna formations

with grasses, shrubs, and scattered trees. It covers about 61%

of MS (~ 220,000 km²) [20,21].

Pantanal – Spanning from 17°S to 21°S and 55°W to

58°W, the Pantanal lies at low elevations (80–150 m). It ex-

hibits a humid tropical climate (Aw – Köppen) with distinct

flood and dry periods. Vegetation includes floodable fields,

aquatic species, and patches of seasonal forest. It comprises

about 25% of MS (~ 137,000 km²) [22,23].

Atlantic Forest – Found mainly in southeastern MS

(22°S to 24°S; 53°W to 55°W), the Atlantic Forest ranges

from 300 to 1,100 meters in elevation. It has a humid tropi-

cal and subtropical climate (Cfa and Cwa – Köppen) with

well-distributed rainfall. Vegetation is dominated by dense

evergreen forests with a rich diversity of flora. This biome

covers approximately 14% of MS (~ 50,000 km²) [24,25].

2.2. Data Collection and Processing

TCO data were obtained from the Ozone Monitoring

Instrument (OMI), onboard NASA’s Aura satellite, available

through the Earth Observing System Data and Information

System (EOSDIS). Monthly mean TCO values (in Dobson

Units – DU) were extracted for each biome from January

2005 to December 2020. Representative grid cells were

selected for each biome to ensure spatial coverage and con-

sistency.

Monthly, seasonal, and annual averages of the Total

Column Ozone (TCO) were calculated to characterize tem-

poral variability. Monthly averages were obtained by com-

puting the arithmetic mean of all daily TCO values within

each month for every biome, ensuring that short-term fluc-

tuations were smoothed into representative monthly means.

Annual averages were then derived from the arithmetic mean

of the 12 monthly values for each year, so that all months

contributed equally to the annual statistic regardless of the

number of valid daily observations. Seasonal means were
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computed for the four standard climatological seasons in the

Southern Hemisphere: DJF (summer), MAM (autumn), JJA

(winter), and SON (spring). To analyze long-term behav-

ior, the time series were further smoothed using a 13-month

moving average, which reduces high-frequency variability

and highlights broader temporal trends.

Linear regression was employed to estimate temporal

trends, and trend magnitude was expressed in DU/year. The

net TCO change over the 15-year period was obtained by

multiplying the trend slope by 15. Additionally, percentage

variability was calculated to assess interannual fluctuations.

Statistical analyses were performed to examine spa-

tial differences among biomes, including mean, standard

deviation, skewness, kurtosis, and coefficient of variation.

Comparative graphs and tables were used to visualize trends

and seasonal cycles.

This methodological approach allows for a comprehen-

sive understanding of ozone behavior across distinct Brazil-

ian biomes, facilitating the interpretation of spatial–temporal

dynamics in the context of environmental variability and

anthropogenic influence.

3. Results

3.1. Trend Analysis

Trends derived from linear regression of the monthly

TCO time series from 2005 to 2020 (Figure 2) are presented

in Figure 2(a)–(c). The analysis reveals an apparent upward

trend in the Total Column Ozone (TCO) across the Cerrado,

Pantanal, and Atlantic Forest biomes. However, the linear

trends are not homogeneous across all regions. The estimated

mean increase of approximately 0.03 DU per year over the

15-year period aligns with expected behavior in tropical re-

gions, where ozone variability is typically less pronounced

than in mid- and high-latitudes.

Figure 2. Monthly Mean TCO Time Series from 2005–2020 with Their Linear Fits for (a) Cerrado (CER), (b) Atlantic Forest (ATF) and

(c) Pantanal (PAN) Biomes.
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Despite this observed increase, global assessments sug-

gest a slight decline in the stratospheric ozone layer, poten-

tially indicating progressive thinning.

3.2. Seasonal and Interannual Variability

The Total Column Ozone (TCO) in the Cerrado, Pan-

tanal, and Atlantic Forest biomes exhibits clear seasonal

and interannual variability, shaped by both large-scale atmo-

spheric processes and localized environmental factors.

The time series from 2005 to 2020 (Figure 2) reveals

a modest but consistent upward trend (~0.03 DU/year), with

the Cerrado showing the highest TCO levels (~ 346.7 DU)

(Figure 2(a)), followed by the Atlantic Forest (~262.4 DU)

(Figure 2(b)) and Pantanal (~ 261.1 DU) (Figure 2(c)), as

summarized in Table 1.

Table 1. Descriptive Statistics of Annual TCO for the Biomes (2005–2020).

Statistic Cerrado (CER) Atlantic Forest (ATF) Pantanal (PAN)

Mean (DU) 346.66 262.43 261.12

Standard Deviation 11.69 9.45 9.01

Median 345.73 261.24 260.23

Coefficient of Variation (%) 3.37 3.60 3.45

Maximum 372.64 286.14 283.81

Minimum 322.10 241.92 243.04

Range 50.53 44.22 40.77

Skewness 0.21 0.23 0.31

Kurtosis −0. 617 −0. 547 −0. 623

Sample Variance 136.74 89.39 81.11

95% Confidence Interval ± 1.67 ± 1.35 ± 1.29

The descriptive statistics of the TCO for the biomes of

Mato Grosso do Sul (Table 1) reveal consistent differences

among the analyzed regions. The Cerrado exhibited the high-

est mean values (346.66 DU), approximately 80–100 DU

higher than those observed in theAtlantic Forest (262.43 DU)

and Pantanal (261.12 DU). This spatial hierarchy is associated

with the greater incidence of solar radiation in the Cerrado,

coupled with extensive land-use changes that favor ozone

formation and accumulation in the atmospheric column. In

contrast, the high relative humidity of the Atlantic Forest and

Pantanal acts as a limiting factor, enhancing the removal of

ozone precursors and resulting in lower absolute levels.

Interannual variability, expressed by the standard devi-

ation, was more pronounced in the Cerrado (11.69), while

the Atlantic Forest (9.45) and Pantanal (9.01) showed lower

dispersion. However, the coefficients of variation were low

across all biomes (3.3–3.6%), highlighting the relative stabil-

ity of the time series. The amplitude was highest in the Cer-

rado (50.53 DU), confirming its greater sensitivity to atmo-

spheric oscillations and the impacts of seasonal biomass burn-

ing. The statistical distribution displayed near-zero skewness

and negative kurtosis, indicating an approximately symmet-

ric and flattened distribution without extreme events.

The analysis of the time series of normalized standard

deviations (Table 2) complements these findings, showing

low interannual variability (< 5%) across all biomes, a typ-

ical feature of tropical regions. The Cerrado presented the

highest absolute TCO levels but the lowest relative variabil-

ity, suggesting interannual robustness even under conditions

of intense UV radiation and anthropogenic pressure. The At-

lantic Forest displayed low variability, strongly influenced by

high humidity and dense vegetation cover, which promotes

precursor scavenging. The Pantanal, in contrast, showed

episodes of higher oscillation between 2011 and 2014 (vari-

ability up to 3–4%), a period linked to severe droughts and

widespread biomass burning, possibly intensified by ENSO

events.

Overall, Tables 1 and 2 indicate that, despite the rel-

ative stability of the Total Column Ozone in tropical lati-

tudes, there are marked differences among the biomes. The

Cerrado appears more prone to absolute fluctuations, the

Atlantic Forest maintains a regime of low oscillation, and

the Pantanal exhibits higher vulnerability to hydroclimatic

extremes. These results reinforce the combined influence

of global drivers (e.g., Brewer–Dobson circulation, Quasi-

Biennial Oscillation) and regional factors (biomass burning,

humidity, land-use change) on TCO dynamics, emphasizing

the importance of continuous monitoring to better under-

stand variability and to support environmental management

strategies.
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Table 2. Time Series of TCO with Normalized Standard Deviations by Year for Each Biome.

TCO (DU)

CER ATF PAN

Mean 346.73 269.44 261.23

SD 5.22 4.31 4.08

Median 346.92 262.8 261.73

CV 1.51% 1.60% 1.56%

Max 355.9 269.83 268.85

Min 337.28 256.4 254.68

Range 18.63 13.43 14.17

Skewness −0.154 0.032 0.059

Kurtosis −0.453 −1.174 −0.551

Sample Variance 27.25 18.61 16.64

Confidence Level (95.0%) 2.89 2.39 2.26

Monthly TCO values display well-defined seasonal

patterns across all biomes (Figure 3), with primary peaks oc-

curring betweenAugust and October, coinciding with the dry

season and heightened fire activity, particularly in the Cer-

rado and Pantanal. A secondary peak is typically observed

from March to May, likely influenced by stratospheric ozone

transport associated with the Brewer–Dobson circulation and

convective uplift (Figure 4). Minimum TCO values tend to

occur in January, during the peak of the austral summer, when

convective activity and ozone redistribution are intensified.

Figure 3. Temporal Variation of the Total Column Ozone (TCO) in the Cerrado (CER) and Atlantic Forest (ATF) Biomes Over the

Period from 2005 to 2020.

Figure 4. Average Monthly Variability of the TCO in the Pantanal, Cerrado, and Atlantic Forest Biomes.
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Figure 4 shows the monthly behavior of the Total Col-

umn Ozone (TCO) for the Cerrado, Atlantic Forest, and

Pantanal biomes during the period 2005–2020. In all three

biomes, a clear seasonal pattern is observed. Minimum TCO

values occur between February and April, while maximum

values are recorded from August to October. The Cerrado

consistently exhibits the highest TCO levels, ranging from

approximately 340 to 365 DU. The Atlantic Forest presents

intermediate values, between ~ 255 and 275 DU, with well-

defined seasonal variation. The Pantanal shows the lowest

TCO values, generally between 250 and 270 DU, and a com-

paratively smaller seasonal amplitude.

Figure 5 illustrates the annual variation in Total Col-

umn Ozone (TCO) across the Pantanal, Cerrado, andAtlantic

Forest biomes from 2005 to 2020. The analysis reveals that

in several years, TCO values fell below the recommended

threshold for tropical regions (260 DU) and remained con-

sistently below the global average standard of 300 DU.

Figure 5. Comparative Analysis of TCO in the Pantanal, Cerrado, and Atlantic Forest Biomes.

3.3. Spatial Distribution of TCOAcross Biomes

The spatial behavior of TCO exhibits notable differ-

ences among the biomes. The Cerrado recorded the highest

TCO values throughout the study period, followed by the

Atlantic Forest, while the Pantanal registered the lowest aver-

ages. These patterns suggest that geographic location, vege-

tation characteristics, and regional meteorological dynamics

influence the spatial distribution of ozone in the atmospheric

column.

Cerrado: This biome presented the highest average

TCO values, ranging from approximately 330 to 360 DU.

These elevated levels may be attributed to a greater incidence

of ultraviolet radiation, which enhances photochemical ozone

formation. Additionally, the large-scale conversion of na-

tive vegetation for agriculture likely alters local emissions

of ozone precursors.

Atlantic Forest: TCO values typically ranged from 245

to 275 DU and frequently fell below the tropical standard

of 260 DU. High relative humidity and dense forest cover

in the region may enhance the removal of ozone precursors

from the atmosphere, leading to reduced ozone formation.

Pantanal: This biome recorded the lowest TCO val-

ues, possibly due to its topographic features and climatic

conditions that facilitate the dispersion of ozone. The in-

fluence of humid air masses and the region’s hydrological

regime may also suppress ozone formation and retention in

the atmospheric column.

3.4. Trends and Extremes During the Study Pe-

riod

According to the dataset, the highest and lowest an-

nual TCO values were recorded in 1990 (267.33 DU) and

2007 (245.19 DU), respectively. These values reflect inter-

annual fluctuations that may be linked to variations in ozone
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precursor emissions, stratospheric transport processes, and

ozone-depleting mechanisms.

Throughout the 2005–2020 study period, the Cerrado

consistently exhibited the highest TCO levels, with the At-

lantic Forest presenting intermediate values and the Pantanal

the lowest. This spatial hierarchy aligns with findings by

De Souza et al. (2022), who emphasize the role of solar

radiation, humidity, and land use in modulating tropospheric

and stratospheric ozone variability.

The persistence of TCO values below the global aver-

age (300 DU) across all biomes underscores the importance

of long-term monitoring to better understand the driving

forces behind ozone variability. The elevated ozone concen-

trations in the Cerrado may be driven by intense UV radiation

and land use changes, while the Pantanal’s lower values re-

sult from higher humidity levels and unique atmospheric

circulation patterns.

Further research is essential to deepen the understand-

ing of how meteorological and anthropogenic factors interact

to influence ozone dynamics in Brazilian biomes, especially

in the context of ongoing environmental change and policy

development.

The analysis of annual variability (%) of the Total Col-

umn Ozone (TCO) across the Cerrado, Atlantic Forest, and

Pantanal reveals a generally stable interannual behavior, with

fluctuations mostly below 2%. (Figure 6) The Cerrado exhib-

ited the lowest variability, reflecting its relative atmospheric

stability despite strong photochemical activity driven by in-

tense solar radiation. The Atlantic Forest also displayed

reduced variability, likely due to high humidity and dense

vegetation, which promote ozone scavenging and buffer an-

nual oscillations. In contrast, the Pantanal presented slightly

higher peaks, particularly between 2011 and 2014, when

variability approached 3–4%. These anomalies coincide

with years of intense droughts and widespread biomass burn-

ing in central South America, conditions often linked to El

Niño–Southern Oscillation (ENSO) events and enhanced

stratosphere–troposphere exchange [13,17]. The overall low

variability (< 5%) confirms that ozone in tropical latitudes is

relatively stable compared to mid- and high latitudes, where

stronger seasonal dynamics prevail. However, the episodic

increases in the Pantanal highlight the sensitivity of this

biome to hydroclimatic extremes and fire regimes, underscor-

ing the interplay between large-scale circulation processes

such as the Brewer–Dobson circulation and local anthro-

pogenic pressures.

Figure 6. Cont.
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Figure 6. Annual Variability of the Total Column Ozone (TCO) in the Pantanal, Cerrado and Atlantic Forest Biomes.

Figure 7 shows the monthly variability of the Total Col-

umn Ozone (TCO) in the three biomes analyzed (Cerrado, At-

lantic Forest, and Pantanal) for the period 2005–2020 (Figure

7(a)–(c)), with confidence intervals represented by error bars.

Figure 7. Monthly variability of the Total Column Ozone (TCO) in the State of Mato Grosso do Sul, Brazil, for the Period 2005–2020.

(a) Cerrado (CER), (b) Atlantic Forest (ATF), and (c) Pantanal (PAN). The Error Bars Represent Confidence Intervals of the Mean

Values. Although the Three Biomes Display a Similar Seasonal Cycle, with Minimum Values in Autumn (March–May) and Maximum

Values in Late Winter and Early Spring (August–October), Significant Differences are Observed in Absolute TCO Levels, with the

Cerrado Exhibiting Values 80–100 DU Higher than Those of the Atlantic Forest and Pantanal.
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In the Cerrado, mean TCO values range between 335

and 365 DU, standing out as the highest among the biomes

analyzed. A well-defined seasonal cycle is observed, with

decreasing values from March to May and a progressive

increase from June onward, reaching a maximum between

August and October.

In the Atlantic Forest, TCO values vary between 250

and 275 DU. The seasonal pattern is similar to that of the

Cerrado, with minimum values during autumn (March to

May) and maximum values in late winter and early spring

(August to September).

The Pantanal exhibits the lowest TCO values, ranging

from 250 to 270 DU. Its seasonal variability follows the same

trend as the other biomes, with a decrease in autumn and an

increase from winter onward, also peaking between August

and September.

The graphs highlight that, although the three biomes

display a similar seasonal cycle, there are significant differ-

ences in absolute TCO values. The Cerrado presents concen-

trations about 80–100 DU higher than those in the Atlantic

Forest and Pantanal, suggesting the influence of regional

factors such as higher solar radiation incidence and land-use

changes.

3.5. Analysis of Seasonal Variation of the To-

tal Column Ozone (TCO) in the Pantanal,

Cerrado, and Atlantic Forest Biomes

The seasonal variation of the Total Column Ozone

(TCO) across the Pantanal, Cerrado, and Atlantic Forest

biomes reveals distinct ozone distribution patterns, shaped

by the interplay between large-scale atmospheric circulation

and regional forcings such as biomass burning, pollutant

transport, and climate variability [10,17]

3.5.1. Seasonal Variation andMean TCO in the

Biomes

In Mato Grosso do Sul, a well-defined seasonal cycle

emerges, with maximum TCO values recorded between Au-

gust and October and minimum values between December

and February. This pattern reflects shifts in atmospheric cir-

culation, stratospheric–tropospheric exchange, and seasonal

differences in ozone sources and sinks [5,19].

Pantanal: The Pantanal is strongly influenced by sea-

sonal fires during the dry season (June–October), which re-

lease significant amounts of ozone precursors. Its flat topog-

raphy also favors vertical mixing processes that can facilitate

ozone redistribution between atmospheric layers [13,14].

Cerrado: The Cerrado, subject to intense land-use pres-

sures such as deforestation and extensive burning (partic-

ularly July–October), exhibits elevated ozone production.

Biomass burning enhances tropospheric ozone formation

and promotes its dispersion to higher altitudes [10,26,27].

Atlantic Forest: In the Atlantic Forest, higher humidity

and dense forest cover tend to limit photochemical ozone for-

mation relative to other biomes. However, long-range trans-

port of pollutants and the influence of oceanic air masses play

a key role in shaping ozone variability in this region [10,27].

3.5.2. Maximum and Minimum TCO Values

The TCO cycle shows consistent seasonal extremes:

September (Maximum TCO): This period coincides with

enhanced stratospheric subsidence and reduced ozone de-

struction, resulting in elevated TCO levels. At the same time,

widespread fires in the Cerrado and Pantanal increase emis-

sions of aerosols and ozone precursors, further amplifying

ozone concentrations [17,28].

January (Minimum TCO): During austral summer, in-

tense convective activity and dominant low-pressure systems

enhance vertical transport and redistribution of ozone, lead-

ing to lower TCO. Higher humidity also promotes chemical

reactions that accelerate ozone depletion [5,18].

3.5.3. Interannual Variability and Large-Scale

Drivers

Although standard deviations are relatively low—

indicating that TCO seasonality is a robust and recurring

feature—interannual variability is influenced by large-scale

phenomena. The Quasi-Biennial Oscillation (QBO), El

Niño–Southern Oscillation (ENSO), and the Brewer–Dobson

Circulation exert significant control over vertical and hori-

zontal ozone transport, modulating the magnitude of seasonal

cycles across years.

Overall, the TCO in the Pantanal, Cerrado, andAtlantic

Forest biomes follows a tropical climatological pattern, with

maxima at the end of the dry season and minima during

the summer. These results emphasize the dual influence of

regional climatic drivers (biomass burning, humidity, hy-

drology) and global-scale atmospheric dynamics in shaping

ozone variability. Understanding this interaction is essential
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for interpreting ozone trends and assessing environmental

risks linked to atmospheric composition in tropical South

America [5,28].

Figure 8 shows the seasonal averages of the Total Col-

umn Ozone (TCO) for the Cerrado, Atlantic Forest, and

Pantanal during the study period. The Cerrado consistently

exhibits the highest TCO values, ranging between approx-

imately 335 and 355 DU across all seasons, indicating a

greater ozone concentration in the atmospheric column over

this biome.

Figure 8. The Average of the Seasonal Values for the Three Biomes.

In the Atlantic Forest and the Pantanal, TCO values

are similar, ranging from 250 to 270 DU, with only minor

differences between the two biomes. In both regions, the

seasonal pattern mirrors that of the Cerrado, with the lowest

values observed in autumn (fall) and the highest in winter

and spring.

Overall, the three biomes display a similar seasonal cy-

cle, characterized byminimumTCO in autumn andmaximum

TCO in winter and spring. However, the absolute magnitude

of TCO differs substantially, with the Cerrado exhibiting

values approximately 80–100 DU higher than those of the

Atlantic Forest and Pantanal. This difference suggests the in-

fluence of regional factors, such as higher solar radiation and

significant land-use and land-cover changes in the Cerrado,

which may favor ozone production and accumulation.

4. Discussion

The results reveal a consistent seasonal cycle of TCO

across the three biomes, with minima in autumn (March–

May) and maxima in winter–spring (August–October). In

terms of magnitude, the Cerrado maintains the highest ab-

solute TCO values (≈ 80–100 DU above the Atlantic Forest

and Pantanal), while the Pantanal and Atlantic Forest dis-

play similar levels and smaller seasonal amplitudes. This

spatial hierarchy and seasonal pattern agree with tropical

climatology observed in Brazil and support the interpretation

that variability is modulated by both large-scale processes

and regional forcings (e.g., biomass burning, humidity, at-

mospheric circulation, and transport).

From a dynamical perspective, the observed seasonal-

ity is consistent with the combined influence of the Brewer–

Dobson circulation (BDC) and the Quasi-Biennial Oscilla-

tion (QBO), which control, respectively, the meridional–

vertical transport of stratospheric ozone and the modulation

of tropical winds [18,19]. Ascending motion in the tropics

and subsidence in mid-latitudes, typical of the BDC, favor

TCO maxima in late winter and spring, whereas the combi-

nation of deep convection and enhanced mixing in summer

contributes to TCO minima (WMO, 2018) [5]. Furthermore,

ENSO events and regional circulation anomalies may inten-

sify interannual extremes—an imprint that appears in our

2005–2020 dataset and has also been reported in analyses

for other Brazilian regions [16,17].
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Regional controls help explain the differences among

biomes. Higher solar radiation and anthropogenic pressure

from land-use change in the Cerrado favor elevated ozone

levels [10], while greater humidity and dense forest cover in

the Atlantic Forest tend to dampen seasonal amplitude [12].

In the Pantanal, the hydrological regime and the transport

of aerosols/precursors during the dry season modulate vari-

ability, with regional biomass burning and long-range trans-

port playing a significant role [13,14]. These interpretations

are consistent with recent studies mapping the spatiotempo-

ral variability of TCO in central-western and northeastern

Brazil [26–28].

Linking TCO climatology to biological implications,

there is extensive evidence from southeastern and southern

Brazil that episodes of tropospheric ozone—associated with

vehicular/industrial emissions and photochemical formation

under intense radiation—cause foliar injury, reduced pho-

tosynthesis, and productivity losses in both cultivated and

native species. Studies with sensitive bioindicators (e.g.,

Nicotiana tabacum cv. Bel-W3) in urban and peri-urban

areas of São Paulo and Curitiba have documented visible

lesions and physiological responses consistent with chronic

O₃ exposure; research on Atlantic Forest species (decidu-

ous and evergreen trees) also reports differential sensitivity

among species and associations with urban–industrial corri-

dors. These regional findings resonate with our results: even

with relatively stable TCO, seasonal atmospheric conditions

that favor O₃ production/accumulation in the lower tropo-

sphere (winter–spring in the Southeast/South) coincide with

periods of greater biological risk for vegetation [12]; see also

biomass burning and aerosol series in Sena [17].

Finally, the convergence between (i) robust seasonal

patterns of TCO across the MS biomes and (ii) ecophysio-

logical evidence from the Southeast and South underscores

the need to integrate ozone climatology, emission invento-

ries, and plant biomonitoring into risk assessments. This is

consistent with international recommendations for monitor-

ing stratospheric recovery and ecosystem effects at tropical

latitudes [5].

5. Conclusions

This study provides a comprehensive assessment of

the spatial and temporal variability of the Total Column

Ozone (TCO) across three distinct biomes in Mato Grosso

do Sul, Brazil: Cerrado, Atlantic Forest, and Pantanal, over

the period 2005–2020. The results demonstrate a consistent

seasonal cycle in all biomes, with minimum values during

autumn and maxima in winter and spring. However, signifi-

cant differences in absolute magnitudes were observed. The

Cerrado maintained the highest TCO levels, approximately

80–100 DU greater than those of theAtlantic Forest and Pan-

tanal, which exhibited lower values and reduced seasonal

amplitude.

These differences highlight the combined influence

of large-scale atmospheric dynamics, including the Brewer–

Dobson circulation and theQuasi-Biennial Oscillation, along-

side regional forcings such as biomass burning, land-use

change, and hydrological regimes. The findings are consis-

tent with climatological patterns reported for tropical lati-

tudes and reinforce the role of both global-scale drivers and

local processes in modulating ozone variability.

Furthermore, the convergence between climatological

evidence from central Brazil and ecological studies in the

Southeast and South regions, where tropospheric ozone has

been shown to cause significant damage to vegetation, em-

phasizes the importance of integrating ozonemonitoring with

ecological risk assessments. Such integration is crucial for

advancing environmental policies, particularly in the context

of climate change, land-use transformation, and the recovery

of the stratospheric ozone layer.

In summary, this work contributes to the understanding

of ozone climatology in tropical South America, providing

baseline information that may support future research and

guide strategies for air quality management and ecosystem

protection.
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