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Abstract
Restriction measures against COVID-19 caused the environmental panorama of cities to change, especially in relation to air 
pollution. This scenario of severe reduction in the emission of air pollutants led to a flurry of studies about their behavior dur-
ing the pandemic. The vast majority of studies pointed to a decrease in all pollutants, with the exception of ozone. However, 
was this highlighted ozone trend really the global trend? This discussion seeks to answer this question while addressing two 
major considerations that led to this trend: (1) the process of ozone formation and behavior and (2) the main reasons that led 
to the findings of this trend (region of the studies, meteorological conditions, and the time scale adopted for data collection). 
From our observations, we emphasize that a trend is not unanimity! The global trend turned out to be the opposite of what 
the initial studies showed, all this because the observed trend was a regional trend, affected by the reasons discussed. Thus, 
we raise awareness and concern with the way in which the initial “fever” of the behavior of air pollutants occurred and also 
toward the act of sampling highly populated areas, as this attitude could have caused biased estimations and disinformation.
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Introduction

To slow the dissemination of coronavirus disease 2019 
(COVID-19), numerous countries worldwide have adopted 
restriction measures that severely limited personal mobility, 
leading to reductions in overall economic activity (Chinazzi 
et al. 2020). These restrictions on every day human activity 
were designed to alleviate the strain on the health care sys-
tem from COVID-19 and, although these restrictions were 
primarily meant to flatten the COVID-19 infection curve, 
they created a unique test bed to assess the effect of anthro-
pogenic activities on air pollution (Diffenbaugh et al. 2020). 
Space agencies such as European Space Agency (ESA) and 
the National Aeronautics and Space Administration (NASA) 
were the first to report significant reduction in air pollut-
ants during China and Italy lockdown measures (ESA 2020; 
NASA 2020).

The virus spread in an extremely agile manner, leading, in 
a few months, more than 90% of the countries in the world to 
some type of restriction measures (Fig. 1) (Oxford COVID-
19 government response tracker—Hale et al. 2020). As these 
measures were adopted, some obvious and immediate envi-
ronmental effects were reflected in world reports, mainly 
with regard to improving air quality/reducing air pollution, 
causing an almost linear and direct relationship between 
the start of lockdown measures in a region and the initia-
tion of study submissions and researcher collaboration on 
the effects of COVID-19 on air pollution in the same given 
region (Fry et al. 2020; Tavella and Da Silva Júnior 2020; 
Zhang et al. 2021).

In summary, most studies that investigated the impact of 
restriction measures on air pollution presented a character-
istic behavior, where the most widely reported pattern was a 
reduction in  NO2 levels and a consequent increase in ozone 
levels (↓  NO2, ↑  O3) (i.e., Bao and Zhang 2020; Berman and 
Ebisu 2020; Dantas et al. 2020; Nakada and Urban 2020; 
Tobías et al. 2020), which were almost always associated 
with the reduction of other pollutants such as  PM10,  PM2.5, 
CO, and  SO2. Following this trend, and what was high-
lighted by the majority of studies, we can observe that only 
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ozone, among the criteria air pollutants, increased. However, 
was this highlighted trend for ozone really the global trend?

This is an important and intriguing question, because the 
tendency toward sampling highly populated areas during the 
COVID-19 restriction measures could have led to biased 
estimations when extrapolating from regional to global 
scales because of local effects. Thereby, in order to answer 
this question clearly, it is important to elucidate two con-
siderations: the first is the formation process and behavior 
regime of this pollutant and the second are the main reasons 
that led to the findings of this trend.

Formation and behavior of ozone

First of all, ozone is one of the most complex chemical 
species in the atmosphere. It is formed during daytime 
by nonlinear chemical processes at a rate that is deter-
mined by the atmospheric concentrations of volatile 
organic compounds (VOCs) and nitrogen oxides (NOx), 
as observed in Fig. 2. At low NOx levels, in remote or 
weakly polluted areas, ozone production is controlled 
(or limited) by the concentration of NOx. In this case, 
NOx regulates the rate of the  RO2 + NO reaction, which 

controls radical propagation. Ozone reacts primarily 
through reactions involving hydrogenated species that 
lead to the formation of hydrogen peroxide, which is 
eventually scavenged by wet and dry deposition. How-
ever, in environments with very high levels of NOx, that 
is, in heavily polluted areas including industrial and urban 
complexes, nitrogen oxides act as a sink for the OH radi-
cal, which is capable of slowing down the oxidation of 
VOCs and hence the formation of peroxy radicals. Fol-
lowing this behavior, ozone production ends up being 
considerably reduced. Rather, ozone is sequestered by NO 
to form  NO2, which after further reactions is converted to 
nitric acid and removed from the atmosphere by the same 
behavior as the aforementioned hydrogen peroxide. This 
situation is referred to as VOC-controlled (or limited) 
conditions (Sillman 1999; Gaubert et al. 2021).

In this context, the reduction in VOCs and NOx during 
the pandemic is expected to have led to a reduction of 
ozone in NOx-limited regions (regions with low levels of 
NOx), but to have caused an increase in the ozone concen-
tration in the most polluted areas, especially during winter 
when the levels of NOx are the highest. This guides our 
argument to the second important considerations in this 
discussion: the region of the studies regarding air pollu-
tion/COVID-19; the meteorological conditions; and the 

Fig. 1  Stringency levels on the government response strategy index around the globe on six different dates between 02 January and 30 May 2020 
(The Oxford Government Response Stringency Index—Hale et al. 2020)
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time scale adopted for data collection. It is important to 
emphasize that these conditions are intrinsically linked to 
the studies that observed a decrease in ozone levels.

Main reasons that led to this trend

It is a fact that the vast majority of studies investigating 
changes in air quality to the detriment of actions against 
COVID-19 occurred in highly populated areas, ranging 
from large cities to metropolitan regions. This action, 
even if unconsciously, based on the principle that popu-
lous regions would generate more pronounced results and 
of greater interest to the global community, caused the 
pattern of findings to show a tendency of decrease in the 
concentration of ozone, following the predicted in the 
“Formation and behavior of ozone” section. In addition 
to the level of air pollutants emissions in populated areas, 
meteorology significantly influences the air quality in a 
given region, because it directly affects the physical and 
chemical processes caused in its atmosphere (Sathe et al. 
2021). Furthermore, ozone is strongly influenced by vari-
ables such as light intensity, humidity, and temperature 
(Sillman 1999). Moreover, air pollution concentrations 
at a given location vary on time scales from seconds to 
years; some variability is random or quasi-random, another 
variability is systematic (i.e., non-random). Temporal 

variability is caused by changes in emissions and meteor-
ology and their associated impacts on rates of transport, 
production, removal, and dilution (Bekbulat et al. 2021). 
Hence, any changes in air quality require analysis at dif-
ferent scales vis-à-vis changes in emissions, meteorology, 
atmospheric chemistry, and temporal variability.

To our knowledge, few (9) were the studies that 
observed and highlighted the decrease in ozone concen-
tration during restriction measures. However, surprisingly, 
after careful analysis, it is possible to note that the authors 
attributed their findings to three main reasons: (1) the 
location where the study was carried out (Dentener et al. 
2020; Tavella et al. 2021); (2) the observed meteorologi-
cal conditions (Adams 2020; Korhale et al. 2021); and (3) 
the period of time used to obtain the data (Bekbulat et al. 
2021; Miyazaki et al. 2021; Sathe et al. 2021; Steinbrecht 
et al. 2021; Querol et al. 2021;). Interestingly, the same 
reasons that lead to the variability of this compound in 
the air matrix were those observed when the study pattern 
was changed (i.e., smaller cities and/or longer data collec-
tion and analysis period). In addition to these, numerous 
studies did not observe an increase or decrease in ozone 
(i.e., Chen et al. 2020; Keller et al. 2021; Menut et al. 2020 
[…]); however, as a criterion to maintain the direction of 
our discussion, we will focus on what was pointed out by 
the studies that verified a decrease.

Fig. 2  Formation and behavior of ozone upon NOx concentration in different regions
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First, the region of the study directly affecting the behav-
ior of ozone levels after the implementation of the restric-
tion measures is expected, directly following the relationship 
presented in the “Formation and behavior of ozone” section. 
It is interesting to note that even in a medium-sized city, with 
approximately 200 thousand inhabitants, the behavior pre-
sented by ozone is characteristic of a NOx-controlled regime 
(Tavella et al. 2021), giving dimension to the amount of 
emission of air pollutants necessary to establish the VOC-
controlled regime.

Second, the spread of the virus and the beginning of the 
implementation of the restriction measures took place in 
the first months of the year 2020 and in countries of the 
Northern Hemisphere. This situation meant that the studies 
performed in these countries during this period were in win-
ter, a season recognized for presenting the highest levels of 
NOx (Gaubert et al. 2021), which could put even more pres-
sure on some regions to a VOC-controlled regimen. Includ-
ing, it may even lead to an impaired pollutant baseline if 
evaluated only against a few months earlier, demonstrating 
here the importance of approaching historical data (from a 
set of multiple earlier years) to avoid this. In addition, the 
appropriate recommendation in the case of air quality stud-
ies/COVID-19 would be to carry out a statistical treatment 
aimed at canceling the meteorological effect, thus expos-
ing the reality of the situation of air pollutants in view of 
the adoption of restriction measures only. In this regard, we 
emphasize the study by Ordóñez et al. (2020) which, in addi-
tion to noting both positive and negative changes in ozone 
levels across Europe, highlighted, after statistical treatment, 
that a considerable fraction of the changes in ozone levels 
could be explained by meteorological effects and not directly 
by restriction measures that had been adopted.

Third, we highlight the importance of the time scale 
adopted in data collection as a key factor in influencing the 
results. It is a fact that the restriction measures in a loca-
tion governed by the VOC-controlled regime (i.e., large city, 
metropolitan region—highly polluted) initially lead to an 
increase in the ozone concentration. However, this increase 
is only expected for, at most, the first few weeks. There is a 
consecutive decrease of this pollutant from the moment the 
evaluated ecosystem changes to the NOx-controlled regime. 
Therefore, if restriction measures are maintained for longer 
periods (more than a few weeks), it is natural, and expected, 
to observe a decrease in ozone levels in a given region when 
compared to the historical baseline.

Studies on this topic with data collection with a time 
scale of long periods eventually or found a decrease in 
ozone levels in the regions studied (Bekbulat et al. 2021; 
Miyazaki et al. 2021; Sathe et al. 2021; Steinbrecht et al. 
2021; Querol et al. 2021; al. 2021) or found no significant 
change in the levels of this pollutant. In this context, the 
study developed by the German weather service Deutscher 

Wetterdienst, with CIRES and NOAA co-authors, which 
included data collected from the northern hemisphere 
throughout the year 2020, pointed out that the ozone con-
centration in the free tropospheric (1- to 8-km altitude) 
decreased by approximately 7% from April to August 
when compared to its climatological average, this being 
the lowest value since the 2000s (Steinbrecht et al. 2021). 
Furthermore, Miyazaki et al. (2021), which collected and 
analyzed worldwide data throughout 2020, found that 
the global total tropospheric ozone burden declined by 
approximately 2% in May and June 2020. These two stud-
ies, of global character and strength, show us with clarity 
and certainty that ozone levels have decreased worldwide 
at the expense of COVID-19’s lockdown measures.

Ultimately, some studies have shown caution and con-
cern that if we are to take the COVID-19 lockdown meas-
ures as an analog of how air quality will respond to future 
reductions in emissions. These observations revealed that 
any air quality reduction strategies and policies should 
take into account the potential increase in ozone levels 
(Lee et al. 2020; Sicard et al. 2020; Grange et al. 2021). 
However, as discussed, we point out that these increases 
can be site-specific and/or on a limited time scale. So, 
although the dynamics of pollutants is a relevant aspect to 
be considered in future general policies, especially due to 
its health impacts, we must emphasize that, in the ozone 
case, successive decreases are expected after the ecosys-
tem shifts to the NOx-controlled regime.

It is important to note that the wide range of reported 
air quality changes associated with COVID-19 responses 
around the world is not surprising. It provides an excellent 
example of the well-recognized complexity of the rela-
tionship between human activity, emissions, and ambient 
concentrations.

Conclusion

In conclusion, the trend does not mean unanimity! It is with 
this statement that we respond to the initial questioning of 
this discussion. For, although the trend presented by the vast 
majority of studies has been an increase in ozone levels, this 
trend was only regional, limited to the areas studied, being 
the global trend the opposite.

We raise awareness and concern with the way in which 
the initial “fever” of the behavior of air pollutants occurred. 
A fever that spread almost as fast as COVID-19 itself and 
that led many researchers to warn about the increase in 
ozone, but as time passed, it turned out that this was not the 
case. Furthermore, it is important to emphasize the behavior 
adopted by the tendency toward sampling highly populated 
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areas, as this attitude could have caused biased estimations 
and disinformation.
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