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This study analyzes the effect of lockdown due to COVID-19 on the spatiotemporal variability of
ozone (O3), sulfur dioxide (SO2), and nitrogen dioxide (NO32) concentrations in different provinces
of continental Ecuador using satellite information from Sentinel — 5P. The statistical analysis
includes data from 2018 to March 2021 and was performed based on three periods defined a
priori: before, during, and after lockdown due to COVID-19, focusing on the provinces with the
highest concentrations of the studied gases (hotspots). The results showed a significant decrease
in NO; concentrations during the COVID-19 lockdown period in all the study areas: the Metro-
politan District of Quito (DMQ) and the provinces of Guayas and Santo Domingo de los Tséchilas.
In the period after lockdown, NO; concentrations increased by over 20% when compared to the
pre-lockdown period, which may be attributable to a shift towards private transportation due to
health concerns. On the other hand, SO, concentrations during the lockdown period showed
irregular, non-significant variations; however, increases were observed in the provinces of
Chimborazo, Guayas, Santa Elena, and Morona Santiago, which could be partly attributed to the
eruptive activity of the Sangay volcano during 2019-2020. Conversely, O3 concentrations
increased by 2-3% in the study areas; this anomalous behavior could be attributed to decreased
levels of NOy, which react with ozone, reducing its concentration. Finally, satellite data validation
using the corresponding data from monitoring stations in the DMQ showed correlation values of
0.9 for O3 data and 0.7 for NO, data, while no significant correlation was found for SO».
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1. Introduction

Air pollution is among the most challenging environmental issues needing to be addressed at the local, regional, and global scales
[1]. The available evidence suggests that short- and long-term exposure to environmental air pollution is associated with negative
health outcomes both in developed and in developing countries [2,3]. Over 90% of the world’s population is exposed to harmful levels
of air pollutants, exceeding the thresholds set by the World Health Organization [4], which is considered one of the leading causes of
early mortality and morbidity worldwide [5]. Thus, in 2021, a total of 3.7 million deaths were attributed to air pollution. These deaths
took place primarily in low- and middle-income countries, which account for 82% of the world’s population [4].

Atmospheric pollution primarily leads to the development of respiratory and cardiovascular diseases [1,2,5], which particularly
affect elderly people and children, due to their higher vulnerability, and generally marginalized social groups, due to their longer
exposure times to low-quality environments [2,4].

In recent decades, air quality has substantially declined due to the increasing emissions of pollutants into the atmosphere, such as
sulfur dioxide (SO3), nitrogen oxides (NOx), particulate matter (PM), volatile organic compounds (VOCs), and carbon monoxide (CO),
as well as to the increase in secondary pollutants formed in the atmosphere, such as ozone (0O3), which is generated from nitrogen
oxides and hydrocarbons present in the atmosphere under UV exposure [5].

In Ecuador, a country located in South America, air quality is one of the most relevant environmental issues, particularly in large
cities such as Quito [6], a city located in the Andes mountains, characterized by a complex topography (with a mean altitude of 2800 m
asl), and with raised areas that constitute a natural barrier that limits pollutant dispersal [7]. Low air quality is also attributed to the
use of low-quality fuels and to increased road traffic [7-9].

When the World Health Organization declared the global pandemic caused by the Covid-19 virus, Ecuador established a series of
lockdown measures to prevent community transmission, as did most countries in the world. Among the measures implemented in
Ecuador were restrictions to vehicle and pedestrian mobility and suspension of on-site work in both the public and private sectors
(COE, 2020a); these measures had an impact on air quality [11,12]. Hard lockdown measures were implemented on March 17, 2020
[10] and were gradually lifted from May 20, 2020 [13].

Previous studies have focused on determining spatial variations in concentrations, especially of NO, during lockdown periods in
cities in different countries around the world, such as China, India, Spain, Italy, and Ecuador [12,14-17]. In Ecuador, variations in
ozone concentrations during this period were analyzed based on data from one air quality monitoring station located in
Cumbaya-Ecuador [11].

On the other hand, in contrast with traditional air pollution monitoring technologies, rapidly developing atmospheric monitoring
methods via satellite remote sensing have gradually become critical technical tools for atmospheric monitoring worldwide [14], as
they allow for low-cost real-time data collection. However, these methods have some limitations, especially regarding the fact that they
use column density data instead of surface or near-surface concentrations [18].

For the aforementioned reasons, this study conducted a spatiotemporal analysis of trace gases such as NOj, O3z, and SO to
determine their variations as a function of the pandemic-related lockdown in the Metropolitan District of Quito and in the Ecuadorian
provinces with the highest concentration values (hotspots). Data were obtained from Sentinel-5P TROPOMI and were processed using
the software ENVI 5.5.6 to analyze how the decisions made at the beginning of the pandemic affected air quality.

2. Methodology
2.1. Data collection and processing

In this study we used offline data of level 3 of NO2, SO2 and O3 [rnol/mz], obtained from the sensor TROPOMI (Tropospheric
Monitoring Instrument) that is on board the satellite Sentinel-5P [19-21]. Monthly mean was calculated for continental Ecuador from
December 2018 to October 2021, through Google Earth Engine (GEE) [22]. All of the S5P datasets have three versions: Near Real-Time
(NRTI) and Offline (OFFL). NRTI data are available within 3 h after data acquisition whereas OFFL data are available within a few days
after acquisition [23]. For this work, we employed the collections Sentinel-5P OFFL NO2 - Offline Nitrogen Dioxide, Sentinel-5P OFFL
SO2 - Offline Sulfur Dioxide and Sentinel-5P OFFL O3 - Offline Ozone, of which more information is detailed in Table 1. The data
quality filter was carried out through the harpconvert tool with the binspatial operation [24], which filters and removes pixels that do
not comply with the quality guarantee (ga-value) to remove cloud contamination and other poor-quality retrievals. Specifically, pixels

Table 1
Imagery collections and selected bands.
Image name Band name Description Resolution (m) Units
COPERNICUS/S5P/OFFL/ tropospheric NO2_column_number density  tropospheric vertical column density 1113.2 mol/
L3.NO2 m?
COPERNICUS/S5P/OFFL/ SO2_column_number_density SO2 vertical column density at ground 1113.2 mol/
L3.502 level m?
COPERNICUS/S5P/OFFL/ 03_column_number_density Total atmospheric column ozone 1113.2 mol/
L3.03 concentration m?
COPERNICUS/S5P/OFFL/ Ozone_tropospheric_mixing_ratio Average tropospheric ozone 111320 y resolution mol/
L3_03_TCL 55660 m?
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with a gqa-value <75% were filtered for the band tropospheric NO2 column number density and with a qa-value <50% for the band SO2
column number density. On the other hand, the ga-value for L3 O3 product is adjusted before running harpconvert to satisfy all of the
following criteria: ozone_total vertical_column in [0, 0.45]; ozone effective temperature in [180, 260]; ring scale factor in [0, 0.15];
effective_albedo in [—0.5, 1.5].

Additionally, the municipality of Quito has an atmospheric monitoring network, designed according to the recommendations of the
US-Environmental Protection Agency [7,9,25], from the eight monitoring stations (Fig. 7 in SM) belonging to such a network
(REMMAQ): Belisario, Carapungo, Centro Histérico, Cotocollao, El Camal, Guamani, Los Chillos, and Tumbaco, monthly mean
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Fig. 1. a) NO, concentrations; b) SO, concentrations; ¢) O3 concentrations in continental Ecuador provinces.
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concentrations (mg/m3) were obtained for trace gases NO5 and SOy; as for Og, the San Antonio de Pichincha station was also included.
The characteristics and description of the equipment and methods of the REMMAQ network is provided in Supplementary Material
(Table 1 SM).

Daily data were obtained for the study period, between December 2018 and March 2021; the data corresponded to the time lapse
between 13:00 and 14:00 every day, since satellite Sentinel-5P goes over Ecuador approximately at 13:30 local time [26]. The network
follows international standards for measurement and quality control (details about equipment and measured parameters may be found
here: http://www.quitoambiente.gob.ec/index.php/generalidades).

Satellite data corresponding to the geographic coordinates of the different monitoring stations were extracted from satellite images,
and monthly mean data were generated using the appropriate ArcGIS 10.8 tool (extract multi values to points), which allowed
extracting cell values for specific locations.

Based on level-3 data for NO,, SO5, and Os, satellite images collected by Sentinel- 5P were processed and subsequently geore-
ferenced to a global spatial system, and time series were generated using the scientific software ENVI 5.5.6, which allowed generating
monthly mean images.

The generated images were used to determine the areas with the highest concentrations (hotspots); for this purpose, a spatio-
temporal statistical analysis was performed by applying Anselin Local Moran’s I statistic, the best known and most widely used spatial
assessment statistic for this purpose [14,27]. Based on the satellite images and the hotspots determined, the provinces of Ecuador with
the highest concentrations of the studied gases were selected. Moreover, the Metropolitan District of Quito (DMQ) was selected for the
spatiotemporal analysis of the concentrations of the studied gases; this district includes the urban area of Quito and neighboring rural
municipalities. A network of rectangular cells was then generated in ArcGIS to determine the atmospheric sampling points and to
extract data at a distance of 5.5 km between points, this due to the pixel size of the image, covering the whole area of Continental
Ecuador. In addition to monthly data analysis, study periods were established before (December 2018-February 2020), during (March
2020-May 2020), and after lockdown (June 2020-March 2021).

Data were then statistically analyzed and validated. For this purpose, level-3 data were verified against data from the Metropolitan
District of Quito’s Atmospheric Monitoring Network (REMAQ) during the same study period and in the same locations as the
monitoring stations. Additionally, trends were compared between level-3 data for tropospheric column ozone and Os total column
density. Moreover, in order to validate satellite data, the relationship between level-3 satellite data for the three studied gases and the
corresponding data from the DMQ monitoring stations was analyzed by least-squares fitting of linear models with the former as
dependent variables. Analysis of variance [28] was used to identify significant differences between pre-lockdown, lockdown, and
post-lockdown periods per region.

3. Results

According to the determination of tropospheric vertical column density (TVCD) hotspots (Fig. 1a—c) and to the spatio-temporal
analysis (Figs. 1 to 3 in Supplementary Material), the provinces and the number of data selected for NO, were: Metropolitan Dis-
trict of Quito (DMQ) (n = 142), Guayas (n = 68), and Santo Domingo (n = 37). Regarding the analysis for sulfur dioxide, Santo
Domingo was replaced by Morona Santiago (n = 71), Chimborazo (n = 40), and Santa Elena (N = 73); in Guayas, the area of the SO5
hotspot was larger than the one for NO, and thus required a higher number of locations (n = 187). Finally, for O3, the two large urban
areas DMQ (n = 142) and Guayas (n = 45) remained, and two additional forest provinces were included: Pastanza (n = 389) and
Sucumbios (n = 194). The total number of records per province, including monthly data, was the product of the number of locations by
the monthly records in the time series (December 2018-March 2021).

Comparing the different regions, NO2 concentrations were significantly lower in DQM (p < 0.05) than in the provinces of Guayas
and Santo Domingo de los Tsachilas. On the other hand, in Guayas, NO2 was observed to reach significantly higher pre-lockdown

Table 2
Trace gas densities in provinces of Ecuador during the periods.

Province Before Lockdown Lockdown After Lockdown % change post to pre lockdown

Nitrogen dioxide (pmol/m?)

Santo Domingo de los Tsachilas Province n = 1369 48 + 49 48 + 49 55+ 78 +14%*
Guayas Province n = 2516 54 +12 50 + 80 62 +£13 +15%*
DMQ n = 5254 42 + 57 40 + 52 48 +78 +19%*
Sulfur dioxide (umol/m?)

DMQ n = 5254 31+53 34 + 60 34+ 84 +9.7*
Guayas Province n = 6919 11 +18 21 + 20 48 + 40 +380%*
Santa Elena Province n = 2701 12+ 14 19 £ 45 42 £ 45 +250%*
Morona Santiago Province n = 2627 11 +23 12 4+ 20 29 +130 +164%*
Chimborazo Province n = 1480 13+ 19 31+£33 40 + 84 +208%*
Ozone (mmol/m?)

DMQ n = 5254 113+ 0.3 110 £ 0.1 112+ 0.4 —01%**
Guayas Province n = 1665 115+ 0.3 1124+ 0.1 114+ 0.4 —08%**
Pastaza Province n = 14393 115+ 0.3 111 £ 0.1 114 £ 0.4 —08%**
Sucumbios Province n = 7178 115+ 0.3 112+ 0.1 114+ 0.4 —08%**

*: Significant difference; **: non-significant difference See text for details.
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concentrations (p < 0.05) than in the province of Santo Domingo de los Tsachilas. However, when comparing NO, concentrations
during and after lockdown, the provinces of Guayas and Santo Domingo de los Tsachilas did not show any significant variations (p >
0.05) (Table 2).

Monthly mean TVCD values for NO; during the study period (Fig. 2, Table 2) suggest that during the first months after lockdown
NO; concentrations increased significantly (as indicated by the significant homogeneity tests; F (2.34) = 8.8, p-value <0.0001; see
details in SM) in the study provinces (Fig. 3, Table 2). NO2 densities increased from between 42 and 54 umol/m2 during the pre-
lockdown and lockdown periods, depending on the province, to 48-62 pmol/m? after lockdown (Table 2). The highest increase
was observed in DMQ, with a +19% increase, and Santo Domingo Tsachilas and Guayas followed closely, with 14% and 15%,
respectively.

Satellite images corresponding to monthly mean SO values (Fig. 1 SM) showed irregular variations in SO5 concentrations among
the different study areas for the different months within the study period. In the Santa Elena province, an upward trend in SO,
concentrations was observed during the study period. In the DMQ, there were no significant monthly variations in SO, concentrations,
and a significant increase (p < 0.05) in SO5 concentrations was only observed in the post-lockdown period.

On the other hand, in the Morona Santiago province (Table 2), SO, concentrations did not show any significant variations (p >
0.05) during lockdown, while post-lockdown SO concentrations were significantly lower (p < 0.05). Similarly, SO, concentrations in
the Chimborazo province did not experience any significant variations during the lockdown period, while they significantly increased
after the lockdown (p < 0.05). In the Guayas province, the lowest concentrations were observed in December 2019 and in the months
of March and May 2020. SO, concentrations did not vary significantly during lockdown (p > 0.05); however, after lockdown, SO5
concentrations increased significantly (p < 0.05). On the other hand, comparing sulfur dioxide concentrations among all four study
provinces and the Metropolitan District of Quito, SO concentrations in the DMQ were found to be significantly lower than in the other
study areas (p < 0.05), and the significantly highest SO concentrations (p < 0.05) were found in the Chimborazo province; only before
lockdown were concentrations in the Morona Santiago province similar to those in Chimborazo (p > 0.05).

When compared to pre-lockdown conditions, average NO, densities after lockdown increased approximately sevenfold, from
values close to 50 pmol/m? to around 300 pmol/m?, although with a higher variability (Fig. 2). The October higher concentrations may
be due to increased traffic with the beginning of school activities and some and in December due to the Christmas holidays. Both
indicating a preference for individual transport in the aftermath of the confinement period.

Regarding monthly variations in ozone concentrations during the study period (Fig. 2 SM), a decrease in these concentrations was
observed in all sites in Ecuador during the months of April and May. However, when comparing monthly means for ozone among the
three study provinces and the Metropolitan District of Quito for the three periods: before, during, and after lockdown (Table 2), no
significant increases in concentrations were observed during the whole study period (p > 0.05).

Ozone concentrations in the Metropolitan District of Quito were significantly lower (p < 0.05) than in the provinces of Guayas,
Sucumbios, and Pastaza. Likewise, in the Guayas province, concentrations before and during lockdown were shown to be significantly
higher (p < 0.05) than in the Sucumbios and Pastaza provinces and in the Metropolitan District of Quito; however, when comparing
post-lockdown ozone concentrations, the Sucumbios province showed the highest concentrations (p < 0.05) compared to Guayas,
Pastaza, and the Metropolitan District of Quito. On average, ozone concentrations and densities remained constant during the analyzed
period (Table 2, Fig. 2).

In Ecuador, there are only two defined seasons: wet or winter and dry or summer [29]. The three regions that conform the con-
tinental country have different climates. In the coastal region, the rainy season starts in December and lasts until May; the dry season
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takes place in June and November with temperature variations between 2 and 3 °C. In the Sierra or Andean region, the rainy season
lasts from October to May, and the dry season from June to September, with mean temperatures about 14.5 °C. In the Amazon region
there are differences between north and south. In the north Amazon (Sucumbios province), the rainy season lasts from March to
November while the dry season lasts from December to February. In the rest of the Amazon region, the seasonal trend is like the
Andean Region with a mean temperature around 21 °C [30]. Furthermore, the location of Ecuador, on the Ecuadorian line, produces a
little seasonality throughout the year and the country’s mean temperatures have small variation during the whole year [28].

In addition, we examined the correlation between each pollutant and the meteorological parameters for monthly average of air
temperature to 1 km height and average of precipitation (8235 records). Weak negative and positive correlations were observed
between the meteorological parameters and the trace concentrations of the study gases, the absolute values of these correlations varied
from 0.1 to 0.4. Only in the case of the relationship between NO; vertical column density and precipitation a negative correlation of
0.56 was obtained. Hence, this result is indicating the main contribution of precipitation in decreasing air pollution.

4. Discussion

Mean NO» concentrations were higher in Guayas than in the remaining provinces; this can be attributed to the fact that its capital,
Guayaquil, is the most populated and industrialized city in Ecuador [12]. NOy concentrations decreased during lockdown in all study
areas (DMQ: 26%, Guayas: 23%, and Santo Domingo de los Tsachilas: 12%) and increased again after lockdown:+23% in two of the
study areas (DMQ and Santo Domingo de los Tsachilas); and +28% in the Guayas province. The TROPOMI data of NO2, from versions
v1.2 and v.1.3 lead to low tropospheric VCD data by up to 22-51% in polluted areas [19]. This bias is greatly reduced in version v1.4
from November 29, 2020, which could contribute to high percentages after the confinement. Results similar to ours were obtained by
previous studies in Ecuador and in other regions around the world, having been attributed to a shift for private transportation due to
health concerns. Thus, a 13% decrease was observed in Ecuador [12], a 50% decrease was found in India [14], and a 50% decrease was
recorded in Madrid, Spain [15], while NOy concentrations dramatically decreased in three metropolitan areas in China: Beijing,
Wuhan, and Guangzhou [31]. Decreases between 18% and 40% were found in major urban areas of Europe (Madrid, Milan, and Paris)
and the United States (New York, Boston, and Springfield). On the other hand, urban areas that were only subjected to partial or
inexistent lockdown measures (Warsaw, Pierre, Bismarck, and Lincoln) showed a relatively smaller decrease in mean NOy concen-
trations (3%-7.5%) [32].

Conversely, ozone showed an anomalous behaviour, since concentrations increased by 2-3% in the study areas despite the decrease
in NO», one of its precursor compounds. Previous studies have shown that increased O3 concentrations are explained by the lockdown-
induced decrease in NOx concentrations, according to reactions 1 to 5 [15]:

NO, +hy = NO + O @
O0+0,+M - 0+ M )
NO+0; —=NO,+0 3)
VOCs + OH — RO, + H,0 4
RO, +NO — RO + NO, (5)

Eq. (3) indicates ozone consumption by NOy: when NOy concentration decreases, ozone concentration increases [11,15,30,33].



O. Atiaga et al. Heliyon 9 (2023) e17033

On the other hand, ozone formation also depends on the concentrations of atmospheric pollutants such as volatile organic com-
pounds (VOCs). Oxidation of VOCs with hydroxyl radicals (OH.) promotes the formation of organic radicals (RO2. and RO.) and ozone
through photolysis of NO2. NO» is photolyzed to generate atomic oxygen, which then combines with oxygen to generate ozone (Eq.
(1)), restarting the described cycle [16]. However, when VOC concentrations remain constant or do not decrease significantly, ozone
concentrations increase when the available NOx is insufficient to consume ozone [11,31].

As for SOq, the provinces with the highest total column SO, values were Morona Santiago, Chimborazo, Guayas, and Santa Elena.
SO, showed non-significant irregular variations during the lockdown period (Fig. 4 SM); however, an increase was observed after
lockdown, which could possibly be partly explained by the eruptive activity of the Sangay volcano, located in the upper eastern flank of
the Eastern Cordillera of Ecuador, during 2019-2020 [33]. The emissions released by this major eruptive event were transported
towards the southwest, affecting the provinces of Chimborazo, Guayas, Santa Elena, and Morona Santiago [34,35]. Sangay eruptions
began in June 2020, the volcano is located in the province of Morona Santiago, the winds generally go from east to west, so the
provinces most affected in sequence are Chimborazo, Guayas and Santa Elena, so in Chimborazo concentration increases in June, but
the highest concentrations in Guayas and Santa Elena are in July. The second eruption in September, and in October we have the
highest concentrations in Chimborazo, Guayas and Santa Elena in that order.

With respect to the results from data validation and comparison, specifically in the case of NO,, numerous studies have related
column density data to surface concentrations [15,16,18,31,32,36] due to the fact that NO, has a mainly anthropogenic origin and a
short lifespan [18]. In this study, when NO; concentrations from satellite data were related to the corresponding data from DMQ
monitoring stations, similar variations in concentrations were observed during the study period (Fig. 4a and b).

In the case of ozone, studies relating total column density of O3 to surface concentrations are scarce [18]; nevertheless, when
surface concentrations from DMQ monitoring stations were related to the corresponding satellite data, similar trends in variations
were observed (Fig. 5a and b). Moreover, when total column ozone densities in Ecuador (both monthly and for the study period) were
related to tropospheric column ozone densities (for which the study area in Ecuador covered only four pixels, since the available
resolution was 111320, 55660 m), the same upward trend was observed in the two data series (Fig. 5 SM).
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Fig. 5. O3 concentrations in the before (BLD), during (LD), and after lockdown (ALD) periods in the DMQ: a) satellite data, b) surface data from
monitoring stations.

Additionally, validation of satellite data by linear regression of level-3 data for NO,, O3, and SO, concentrations against the
corresponding data from DMQ monitoring stations (Table 2 SM) showed a regression coefficient higher than r = 0.9 for ozone con-
centrations, while the mean regression coefficient was 0.7 for NO5 and 0.24 for SO,. Similar studies found similar correlations for NO,
(R? = 0.72) [14]; likewise, no significant correlations were found for SO, [36]. Despite the good correlation between satellite and
ground measurements for ozone, its modelling is challenging as its changes are determined by complex, interdependent interactions
between precursor emissions, atmospheric transport, photochemical production, deposition, exchange between
stratosphere-troposphere, and by the fact that ozone columns measure mainly the contribution of non-tropospherice ozone. Still, the
contribution of tropospheric ozone has been shown to be detectable and quantifiable [37]. As far as monthly climatological records are
concerned, the year 2020 can be considered within the average (Fig. 6 SM and reference [38]), so weather conditions do not seem to
have been in the origin of the detected alterations.

5. Conclusions

The pollutants analyzed in this study experienced a general decrease during the lockdown caused by the Covid-19 pandemic;
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however, not all of them exhibited the same pattern. NO, was the pollutant that experienced the highest decrease associated with
lockdown, due to reduced human activity, but returned to values close or above to those of the pre-confinement period. Atmospheric
SO, concentrations in Ecuador are strongly related to geological processes, particularly with volcanic activity, while the increase in O3
concentrations during lockdown can be explained because its concentration in the lower layers of the atmosphere depends on multiple
reactions and processes, especially on the reduction of nitrogen oxides.
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