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Abstract: This study uses a remote sensing approach to investigate air quality fluctuations during
two short-period social upheaval events caused by civil protests in 2019 and the COVID-19 pandemic
in 2020 in Quito, Ecuador. We used data from the TROPOMI Sentinel-P5 satellite to evaluate the
concentrations of two greenhouse gases, namely O3z and NO,. TROPOMI Sentinel-P5 satellite data
are becoming essential in air quality monitoring, particularly for countries that lack ground-based
monitoring systems. For a better approximation of satellite data with ground data, we related the
remotely sensed data using ground station data and Pearson correlation analysis, which revealed a
significant association between the two sources (0.43 < r < 0.78). Using paired ¢-test comparisons,
we evaluated the differences in mean gas concentrations at 30 randomly selected intervals to identify
significant changes before and after the events. The results indicate noticeable changes in the
two gases over the three analysis periods. Oj significantly decreased between September and
November 2019 and between March and May 2020, while NO, significantly increased. NO, levels
decreased by 18% between February and March 2020 across the study area, as indicated by remote
sensing data. The geovisualization of remotely sensed data over these periods supports these patterns,
suggesting a potential connection with population density. The results show the complexity of
drawing global conclusions about the impact of social disruptions on the atmosphere and emphasize
the advantages of using remote sensing as an effective framework to address air quality changes over
short periods of time. This study also highlights the advantages of a remote sensing approach to
monitor atmospheric conditions in countries with limited air quality monitoring infrastructure and
provides a valuable approach for the evaluation of short-term alterations in atmospheric conditions
due to social disturbance events.

Keywords: air quality; social upheaval; COVID-19 lockdown; remote sensing; sentinel-5P

1. Introduction

Major disruptions like natural disasters, warfare, terrorism, or epidemics, while dev-
astating for human well-being, offer unique opportunities to study human impacts on
the Earth system [1]. These events provide new perspectives on the connection between
human activity and global environmental change, mainly when precise and reliable data
are gathered before, during, and after major disturbance events. For instance, events like
the September 11 attack in 2001 raised concerns about atmospheric air quality. Research
showed that urban areas near New York experienced decreased air quality due to increased
particulate matter emitted into the atmosphere from collapsed buildings and heightened
road traffic after airport shutdowns [2]. More recently, COVID-19 significantly affected
urban mobility and air quality, with surveys worldwide indicating a substantial reduction
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in road trips and ground traffic in the US, dropping by about 65% [3,4]. Moreover, air
transportation plummeted, with flights decreasing by over 89% in the European Union [5]
and over 90% in the US compared to pre-pandemic levels. These shifts in mobility led
to markedly improved air quality due to lockdown enforcement [6]. However, air qual-
ity does not always improve due to restrictions on mobility. Other types of unrest, like
civilian protests, often worsen air quality due to the burning of hazardous materials and
the increased emission of particulate matter into the atmosphere [7-9]. Civilian protests
can also alter mobility patterns and disrupt traffic flow by placing temporary barriers on
roads, which may reduce pollution and eventually enhance air quality. Thus, the complex
interplay between air quality and social unrest remains poorly understood. Our study
aims to improve our understanding of how urban shutdowns and mobility disruptions
resulting from major social upheaval events and lockdowns impacted air quality in Quito,
Ecuador, a large urban conglomerate in northern South America, historically affected by
poor air quality.

Latin America has faced social unrest in recent decades due to worsening socio-
economic conditions, notably including a rise in informal economic activities. This trend has
hindered economic recovery, particularly during severe recessions caused by global events
like the COVID-19 pandemic and market collapses, leading to supply chain disruptions [10].
These economic crises sparked civil protests [11], positively and negatively impacting the
environment. For instance, the 2019 protests in Ecuador, Colombia, and Chile involved
the burning of various materials, causing air pollution and likely decreasing air quality in
urban areas [12], particularly in areas with high population densities, where protests were
more severe due to higher socio-economic activity. However, the subsequent halt in urban
traffic following the protests likely temporarily improved air quality. In 2022, Ecuador
saw further protests due to increased gas prices, reflecting the rising frequency of such
events across Latin America. These events affect social dynamics in urban environments
and may have a long-term effect on the environmental conditions of the areas where the
protests occur [13]. Similarly, various studies like those by [14-16] have explored the
effects of COVID-19 lockdowns on air quality using remote sensing technologies and
demonstrated the effectiveness of these approaches in capturing emerging air quality
conditions caused by sudden changes in social behavior. Our study follows this approach
and utilizes satellite data to analyze changes in air pollutants at the city and sub-city district
(parish or parroquia in Spanish) levels caused by COVID-19 lockdowns and civil protests
in Ecuador. By demonstrating the effectiveness of remote sensing in monitoring local
air quality and emissions, we emphasize remote sensing’s cost-effective advantages over
traditional methods that involve expensive monitoring equipment.

Increased pollutant concentrations have well-documented impacts on the Earth’s
climate and public health. Contemporary climate change is closely linked to heightened
levels of air pollutants [17], including CO,, which directly contribute to rising tempera-
tures and global climate shifts [18]. Human activities, such as urban traffic and industrial
operations, have significantly increased the atmospheric concentrations of greenhouse
gases, including nitrogen dioxide (NO,), sulfur dioxide (SO,), and tropospheric ozone
(O3). Carbon monoxide (CO), while not a greenhouse gas itself, aids in forming O3 and
smog, altering the abundance of methane and CO;. These emissions pose severe health
and environmental risks. Elevated NO; levels, for instance, may exacerbate the nega-
tive impacts of reduced air quality on respiratory conditions [19] and lead to acid rain
through water interactions [18]. Exposure to increased SO, concentrations has adverse
effects on the respiratory, nervous, and cardiovascular systems, causing various public
health concerns [20]. Additionally, evidence suggests that O3 increases mortality risks from
respiratory and cardiovascular problems, particularly in young age groups [21,22]. In Latin
America, however, the lack of air quality monitoring stations consistent with local-level
analysis may lead to incomplete and less accurate air quality and public health assessments,
making it difficult to effectively understand, manage, and mitigate air pollution and its
impacts. Environmental monitoring has become increasingly crucial in addressing press-
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ing environmental issues, with remote sensing technologies emerging as a cost-effective
solution for systematic data collection across large regions [23]. Satellite data, for example,
are now used for various purposes, such as tracking weather patterns [24], estimating air
quality [25], monitoring microplastics [26], and forecasting socio-environmental outcomes,
including public health [27]. Remote sensing plays a particularly pivotal role in Latin
America, where access to advanced site-based monitoring technology is limited [28]. In
this study, we assess changes in urban air quality in Quito, Ecuador, and their association
with social unrest and population density based on readily available remotely sensed and
census data.

Within this context, our study aims to answer the following research questions: Did
social upheaval events and associated restrictions on urban mobility impact air quality
in Quito, Ecuador, between 2019 and 20207 If so, were there significant differences in air
quality before and after these events at the city and parish (sub city district) levels? We
examined changes in NO, and O3 concentrations before and after the civilian protests in
2019 and the COVID-19 lockdowns in 2020. These gases, with well-identified anthropogenic
sources, have been commonly studied to understand the atmospheric impacts of COVID-
19-related events [29]. The implications of this study are significant and extend far beyond
the immediate study area since it provides a cost-effective methodology that could be
replicated in other parts of the world to evaluate the impacts of short-term disruptions in
the daily life activities of urban citizens caused by short-term social protests and lockdowns.
These situations are common in countries affected by socio-political turmoil, which usually
lack networks for long-term air quality monitoring.

2. Study Area

Our study focuses on the city of Quito (Figure 1), located at approximately 0.175608°S,
78.484783°W, and at an average elevation of 2850 m.a.s.], making it the second-highest
capital city in the world.
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Figure 1. The study area. Quito municipality is depicted in dark grey. Red dots represent air quality
ground stations.

The metropolitan district of Quito has a population of about 2.8 million people [30]
and is one of the largest urban conglomerates in the Andes. Quito has a relatively constant
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and cool climate, with a mean temperature of about 16 °C and a mean annual precipitation
of approximately 1000 mm, with an evident influence of the Andean mountains. Although
pressure levels vary slightly due to the fluctuations of the intertropical convergence zone
(ITCZ), pressure is relatively stable, with rare, very high, or very low-pressure systems
occurring throughout the year. Due to its geographic location, Quito receives some of the
most significant solar radiation in the world, especially during the drier and clearer—sky
months (June-August).

Air quality in Quito is poor due to natural and anthropogenic factors, including air
circulation patterns, geomorphology, elevation, increased traffic, the widespread use of old
vehicles and machinery, etc. Air quality has experienced a steep decline during the past four
decades due to unprecedented unplanned growth. Generally, NO, concentrations are usu-
ally high and primarily associated with deficient public and private transportation systems
that heavily rely on using relatively old vehicles that burn fossil fuels inefficiently, resulting
in increased concentrations of greenhouse gases and particulate matter. In addition, with
less stringent vehicle emissions regulations and less law enforcement capacity in com-
parison to developed nations, “dirtier” vehicles freely move across the urban area which
negatively impacts air quality, a common characteristic among developing regions [31]. Air
quality regulations implemented in the city since the early 2000s led to years of improve-
ment followed by worsening periods, mostly related to increased vehicles and continued
use of older automobiles, buses, and trucks. Due to this type of increase and the effects
of traffic congestion on productivity (e.g., increased commuting times affecting working
hours) and public health, the city of Quito has employed various methods to reduce traffic,
improve flow, and improve air quality monitoring. The Metropolitan Network of Atmo-
spheric Monitoring of Quito (REMMAQ), for example, was established in 2003 to monitor
air quality and generate data-driven policies that could curb the impacts of air pollution on
public health [27].

Since mobility is a multifaceted concept with social, economic, environmental, and
political implications [32], we need to situate this term within Ecuador’s socio-economic,
political, and historical context to be able to understand not only the impacts of mobility
restrictions on the environment but also on the social system. The protests that followed
the announcement of economic reforms in October 2019 to deal with the economic crisis
in Ecuador brought the capital city of Quito to a standstill with the imposition of a state
of emergency and a general curfew for the whole population. The 12-day protests that
followed are an example of how economic decisions can further fragment a society already
weakened by historical structural inequalities [33] and lead to social unrest, protests, and
violence that can paralyze entire cities and affect the movement of goods and services
with detrimental impacts to the local and national economies. Months later, the COVID-19
pandemic hit Ecuador particularly hard and contributed to the further worsening of socio-
economic conditions with the imposition of extended lockdowns. By April and early May
2020, Ecuador had become one of the significant COVID-19 epicenters in South America
due to the high incidence of cases and increased mortality compared to other countries in
the region [34]. Here, we analyze the impacts of this type of social unrest on air quality in
one of South America’s largest and most populous metropolitan areas in the Andean region.

3. Materials and Methods

To investigate the impacts of social protests and COVID-19 lockdowns on air quality,
we evaluated the changes in the average median values of two trace gases, NO, and O3,
before and after the major social upheaval events in October 2019 and April 2020. This
evaluation relied on remotely sensed estimates of both air parameters, which are readily
available through public on-line platforms and because of NO,’s and O3’s sensitivity to
short-term and sudden changes in human activities. Although other parameters such as
particular matter PM10 or PM2.5 have an important influence on air quality, the use of
satellite observations to accurately estimate near-surface PM mass concentrations remains
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challenging because of the relatively poor understanding of the intrinsic relationship
between PM and aerosols [35].

We examined changes in the concentrations of these pollutants based on remote sens-
ing data obtained from the Google Earth Engine (GEE) platform, previously validated using
ground data from the air quality stations from REMMAQ. We hypothesize that average
median pollutant concentrations significantly changed before and after the social protests
and the COVID-19 lockdown. We used a paired-sample t-test approach at both the 0.05 and
0.001 significance levels to compare the average median estimates for the periods T1 (before
the social protests—September 2019); T2 (after the social protests—November 2019); T1x
(before the imposition COVID-19 lockdown and quarantine measures—March 2020); and
T2x (after the implementation of lockdown restrictions and generalized quarantines—May
2020). In addition, we also compared the average median values before and after the events
for the whole period T1 — T2x* comprising the two events. Paired-sample f-tests have been
used to evaluate the spatial and temporal variability of urban air quality [36], indoor and
outdoor air quality, the effects of air pollution and perceptions toward air pollution [37],
trace gas variation [38], and other dimensions of atmospheric change. We define the general
model as follows: .

t= @/ (1)

where ¢ is the test statistic, a is the difference of group median averages (i.e., difference
between average median concentration estimates before and after the social upheaval
event) during the following periods: (1) T1 - T2; (2) T1* - T2%; and (3) T1 - T2*. SE
is the standard error of difference a. We obtained average median concentrations from
the Tropospheric Monitoring Instrument (TROPOMI) on board the European Copernicus
Sentinel-5 Precursor (S5P), previously validated using REMMAQ data collected at eight
different stations distributed across the city during the same periods [39]. After validation,
we used S5P data from the centroids of randomly selected sub-city district units or parishes
(N =30 from a total of 65) using the ArcGIS Pro V3.2 as a geographic information system
(GIS) framework. All statistical analyses were performed in SPSS V29.

To facilitate the interpretation of the statistical results, we created the geovisualizations
of S5P monthly median concentration estimates for the following periods: (1) September,
October, and November 2019; and (2) February, March, April, and May 2020. We cross-
checked these visualizations with population density estimates (people/km?) at the parish
level to differentiate trends within the borders of Quito’s Metropolitan District. We derived
population density estimates using the latest data (year 2022) from the Ecuadorian National
Census Institute (INEC, 2022) (https:/ /www.censoecuador.gob.ec/resultados-censo/, ac-
cessed on 1 May 2024). We classified parishes by population density using a mean-standard
deviation scheme, summarized the concentrations by class, and created line graphs to
visualize temporal trends and compare patterns. All geovisualizations were generated in
the software ArcGIS Pro V3.2, with the data extracted from the EE, pandas, and mathplotlib
library on the Python framework, based in Google Colab.

3.1. The TROPOMI S5P Dataset

S5P is a relatively new satellite mission managed by the European Space Agency (ESA)
and launched in October 2017. Its primary purpose is to monitor atmospheric conditions
with high spatio-temporal resolution and to be used in air quality, ozone, and ultra-violet
(UV) radiation assessments and climate studies. TROPOMI has a native spatial resolution of
5.5km x 3.5 km and a daily temporal resolution. Its spectral range includes the ultraviolet,
shortwave infrared (SWIR), and infrared (IR) bands. The predominant algorithms that
retrieve O3 and NO, data from these spectral bands include GODFIT for Oj offline products
and the DOMINO-2 model for NO,. TROPOMI measures the global Earth radiance by
monitoring the 2.3 pm range of SWIR. TROPOMI products can be accessed through the
Copernicus hub or other geospatial cloud-based platforms such as GEE. GEE provides
significant computational resources and an extensive remote-sensing data catalog [40]. We
used two TROPOMI products available in GEE offline (O3 and NO,) resampled at a spatial
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resolution of 1 km. The TROPOMI O3 and NO; concentration parameters, in this order, are
defined as (1) the total atmospheric column of O3 between the surface and the top of the
atmosphere, computed with the GODfit model, and (2) the total vertical column of NO,
measured as the ratio of the slant column density of NO; and the total air mass factor. S5P
data are measured in mol/m?2.

3.2. S5P and REEMAQ Stations Correlations

Remotely sensed data have some limitations associated with internal and external
interferences that could affect their quality. O3 and NO, estimates may also include biases
due to the vertical variability of concentrations. One of the alternatives to ensure that
the remote sensing data represent near-surface conditions is to verify that they correlate
with in situ data. Thus, we used REMMAQ network data for this purpose. REMMAQ
consists of eight air quality stations that measure O3 and NO, hourly in pg/m3. These
stations are distributed across the city (Figure 1), and their data are available at the Quito
Environmental Secretary’s website (http://aireambiente.quito.gob.ec/, accessed on 1 May
2023). In this study, we calculated monthly median estimates based on daily pollutant
concentration values between 2018 and 2021 (Table 1).

Table 1. Statistical values of air pollutant parameters.

Parameter (Unit)—Source N Mean Median Std. Devw. Min Max
NO; (ug/ m3)—REMMAQ 222 11.987455 10.855000 6.391611 1.390000 30.080000
NO, (mol/m?)—S5P 222 0.000050 0.000049 0.000009 0.000035 0.000096
03 (ug/m3)—REMMAQ 221 50.510452 49.510000 10.497901 29.770000 80.160000
03 (mol/m?)—S5P 222 0.114695 0.114584 0.003601 0.107391 0.122577

We constructed our remotely sensed concentrations dataset by extracting S5P data for
each area around the REMMAQ stations. Then, we compared the satellite estimates with
near-surface data obtained from air quality stations using Pearson correlation (r) analysis,
after testing for normality without considering the variation within the vertical column in
the atmosphere. We computed Pearson correlation values for each station and air pollutant
to determine the proportion of the variance in the satellite data that the station data could
explain. This procedure allowed us to ensure that satellite data accurately represented
ground conditions. In addition, this procedure allowed us to explore the potential of using
S5P data in air quality assessments in other regions that do not have a network of air
quality monitoring stations, extending the applicability of our findings to areas beyond the
immediate studied sties.

4. Results
4.1. Correlation between S5P Data and In Situ Observations

We supported our analysis of S5P data through Pearson correlation tests, comparing
the median concentrations observed by REMMAQ stations and S5P during the same
periods. In the case of NO,, the highest Pearson correlation values were obtained at the
Guamani, Belisario, and Los Chillos stations (0.55 < r < 0.78) (Figure 2). In the case of O3,
correlation values were close to 0.6 at most stations (Figure 3), with the highest r values at
the Camal, Carapungo, and Cotocollao stations (0.63 < r < 0.74).
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Figure 2 shows a significant positive correlation between the monthly median NO,
estimates measured by the S5P satellite and the REEMAQ ground-based measurements
for all the stations analyzed. Correlation coefficients vary between 0.55 (Camal) and 0.78
(Los Chillos), indicating that the relationship between these two datasets is consistent,
although with variations in strength, being moderate at some stations and very strong at
others. The p-values of less than 0.05 at all stations reinforce the statistical significance
of these correlations. These findings suggest that satellite NO, measurements can be a
valuable complementary tool to ground-based monitoring networks, helping to improve
the accuracy and coverage of air quality monitoring.

Figure 3 shows a significant positive correlation between the monthly median O3
estimates measured by the S5P satellite and the REMMAQ ground-based measurements.
The correlation coefficients vary between 0.43 (Guamani) and 0.74 (Cotocollao), indicating
that the relationship between these two datasets is consistent, although with variations in
strength, which are moderate at some stations and very strong at others. The p-values of
less than 0.05 at all stations reinforce the statistical significance of these correlations.

These findings are relevant to air quality monitoring as they demonstrate that O3
measurements made by S5P can effectively complement ground-based REMMAQ measure-
ments. The ability to obtain accurate O3 data from the satellite provides a valuable tool for
improving the spatial and temporal coverage of air quality monitoring, especially in areas
where ground-based infrastructure is limited.

4.2. T-Test Evaluations

Results of the paired t-tests showed statistically significant differences during the
comparison periods T1 — T2, T1* — T2*, and T1 — T2* (Table 2) for the two trace gases,
which provide possible evidence that the social unrest events likely impacted atmospheric
conditions in Quito, as per the evaluation of the remote sensing data. However, the results
of this evaluation also show unexpected results regarding the direction of the changes.
As anticipated, O3 experienced significant decreases in their concentrations during the
periods T1 — T2 (O3 = —5.51%) and T1* — T2* (O3 = —3.16%). Nevertheless, NO; levels
significantly increased between T1* and T2*. This was confirmed by an additional paired ¢-
test comparison (Table 2) between February (about one month before the initial restrictions)
and March 2020.

Table 2. Results of the paired t-test evaluations of average median O3 and NO, estimates based on
S5P data.

. Trace Mean . p- Change Percent

Period Gas Month, Year (mol/m?) Var Pearson Corr. Mean Diff. t Stat Value Direction  Change

T1 Sep 2019 0.115887  0.000000 0.22 —0.006380 59.39 0.000 ++ — —5.51%

T2 o Nov 2019 0.109507  0.000000 - - - -

T1* 3 Mar 2020 0.112569  0.000000 0.52 —0.003555 43.59 0.000 ++ — —3.16%

T2* May 2020 0.109013  0.000000 - - - -

T1 Sep 2019 0.000043  0.000000 0.56 0.000007 —5.96 0.000 ++ + 15.15%

T2 NO Nov 2019 0.000050  0.000000 - - - -

T1* 2 Mar 2020 0.000038  0.000000 0.59 0.000004 -8.17 0.000 ++ + 9.72%

T2* May 2020 0.000042  0.000000 - - - -

T1 o Sep 2019 0.115887  0.000000 0.34 —0.006874 69.11 0.000 ++ — —5.93%

T2* 3 May 2020 0.109013  0.000000

T1 NO Sep 2019 0.000043  0.000000 0.53 —0.000002 2.64 0.013 + - —3.62%

T2* 2 May 2020 0.000042  0.000000

N = 30; Df = 29; t critical = 2.045. ++ Significant at a 0.001 level; + Significant at a 0.05 level.

(T1"), just for NO,, showed a significant decrease in this gas (mean diff = —0.000005,
p < 0.001, percent change = —10.74%). When comparing NO; at a longer temporal scale
(between September 2019 and March 2020), we observed a significant overall reduction
in the period covering both events (—3.62%) between September 2019 (T1) and May 2020
(T2%). In contrast, O3 decreased by 7.34% and 5.93% respectively.
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4.3. Incidence of Social Upheaval Events on Air Quality

We evaluated the concentration of our target trace gases using S5P data at the ground
station locations. Oj levels peaked in September and started to decline in October 2019
during the social protests. The dataset shows a gradual increase following this decrease in
O3 from January to March 2020. During the lockdown in April 2020, air quality improved,
as shown by declining O3 levels across most REMMAQ stations (Figure 4).

20189 Political Protests

COVID-19 Lockdown — Belisario
— Camal
—— Carapungo
— Centro
— Los Chillos
—— Cotocollao
Guamani
Tumbaco

N

=7

"—

2019-09

x10-°

2019-10 2019-11 2019-12 2020-01 2020-02 2020-03 2020-04 2020-05

Date

Figure 4. Temporal variation of O3 measurements derived from S5P data between September 2019
and May 2020. The vertical black line indicates the start of the 2019 political protests, and the red line
indicates the beginning of the COVID-19 lockdown.

The NO, dataset showed an increase before and after the October 2019 event, followed
by a decreasing trend starting February 2020, even before the imposition of COVID-19
restrictions toward the end of March (Figure 5). Results from our correlation analysis
confirm this association (Figure 3). Specifically, the Belisario, Camal, Centro, and Tumbaco
stations exhibited similar trends for both datasets, while the Cotocollao station showed a
different pattern.

— Belisario
— Camal
—— Carapungo
—— Centro
—— Los Chillos
—— Cotocollao
- Guamani
Tumbaco

2019 Political Ppatests COVID-19 Lockdown

s
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Figure 5. Temporal variation in NO, measurements derived from S5P data between September 2019
and May 2020. The vertical black line indicates the start of the 2019 political protests, and the red line
indicates the beginning of the COVID-19 lockdown.
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4.4. Mapping and Comparing Air Quality Using Remotely Sensed Data

The spatial distribution of pollutant concentrations across the study area during
September 2019 and November 2019, and during February 2020 and May 2020 is highly
variable. Our geovisualizations illustrate distinctive temporal patterns in NO, (Figure 6)
and O3 concentrations (Figure 7), likely linked to population density variation at the
sub-city district level.

Population density

September 2019 October 2019 November 2019

at the parish level
| < -0.50 Std. Dev. N )
| -0.50 - 0.50 Std. Dev. NO; (mol/m )‘ 0510 20 30 40
I 0.50 - 1.5 Std. Dev. P 6273x 10 e mee—— KilOMeters
I > 15 Std. Dev. . 2375%10°

A

February 2020

March 2020 April 2020 May 2020

Figure 6. NO, geovisualizations generated using population density at the parish level in Quito
and TROPOMI S5P data obtained from Google Earth Engine during the following time periods:
(1) September-November 2019 and (2) February—-May 2020.

During the first period, NO, concentrations were the highest in the most densely
populated parishes (Quito’s urban center), as shown by the dark red areas in Figure 6. By
November 2019, elevated NO; levels had spread into suburban regions, accompanied by
the dispersion and significant decrease in O3 concentrations (Figure 7). This shift highlights
the changing pollution dynamics over time.

Figures 6 and 8 offer essential comparisons of NO, concentrations on specific dates
(i.e., October 2019, February 2020, and April 2020), and across the whole analysis period.
From October to November 2019 (public protest period) NO; concentrations were higher
in parishes with population densities above 1.5 standard deviations above the mean (i.e.,
zones with higher protest activity). In contrast, areas with population density less than
—0.5 standard deviation below the mean (i.e., zones with less protest activity) exhibited



Remote Sens. 2024, 16, 3436

11 0f 18

more stable levels over time. Additionally, during the COVID lockdown (March—April
2020), overall NO, concentrations in the city were lower, with less variation between
parishes of differing population densities. This suggests that changes in human activity
levels during protests and lockdowns substantially impact pollutant concentrations.

Population density

at the parish level
[] < -0.50 std. Dev.
[ -0.50 - 0.50 Std. Dev.
I 0.50 - 1.5 Std. Dev.

I > 1.55td. Dev.

T T T T T T T T
750,00C 780,000 810,000 750,000 780,00« 810,00

September 2019 October 2019 November 2019

N 0, (mol/m?)
P 0.11797 0510 20 30 40
= m——— Kilometers
s 0,10686

February 2020

March 2020 April 2020 May 2020

Figure 7. O3 geovisualizations generated using population density at the parish level in Quito
and TROPOMI S5P data obtained from Google Earth Engine for the following time periods:
(1) September-November 2019 and (2) February-May 2020.

In contrast, O3 concentrations (Figure 7) showed higher levels in February 2020 than
in 2019, particularly in more densely populated areas with minimal protest activity. This
suggests a correlation between pollutant concentration levels and human activity. Figure 9
further highlights these trends, showing a decrease in O3 concentrations during the civil
protests and an increase during the COVID-19 lockdown. This change is evident across all
four population density categories, illustrating a consistent pattern.
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Figure 8. NO; median value concentration at the parish level in Quito. Each line represents the
density of the population according to categories based on one standard deviation.
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Figure 9. O3 median value concentration at the parish level in Quito. Each line represents the density
of the population according to categories based on one standard deviation.

5. Discussion

In this study, we evaluated the impact of social unrest events on air quality as depicted
by changes in concentration levels of two important trace gases: O3 and NO;. For this
purpose, we relied on the information derived from S5P to analyze and visualize changes
in average median concentrations over time. We first cross-checked the satellite data
with estimates collected by air monitoring stations to ensure that the remotely sensed
information reliably captured and represented near-surface conditions during the analysis
periods. We found consistent trends between the data collected by REMMAQ and S5P for
the two gases, as shown by the statistical significance of the correlation tests. Nevertheless,
a temporal lag of about one month exists between the values obtained by the satellite and
the monitoring stations. This lag is probably due to local atmospheric conditions that
could have affected how the ground sensors and satellite registered the near surface values
and within the vertical column of the gases respectively [41]. In addition, near-surface air
quality conditions could also be affected by the geographic location of monitoring stations,
local atmospheric conditions (particularly wind patterns), and the amount of road traffic.
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Although a more effective way of validating S5P could have included the use of
statistical methods that rely on common deviation measurements (e.g., root mean square
error, mean standard error, etc.), these techniques require all datasets to be in the same
measurement units and scale, and although the transformation from pg/ms to mol/m; is
possible, it is not recommended since precise gas column height values are required but not
readily available for all locations [42]. For this reason, we relied on a correlation analysis
to depict the association between information gathered by S5P and ground stations. Our
Pearson correlation analysis results showed that the correlation coefficients (r values) were
high for O3 and NO; in some stations, which is consistent with the results reported in
previous studies for other regions [43,44]. This finding highlights that S5P data usually
lead to a more accurate depiction of O3 and NO; levels [45]. We should note that NO,
and O3 are closely linked because, in addition to climate and geographic factors, the O3
formation depends on NO, concentrations [46,47]. This co-dependence may explain why
these two gases also show similar r values. The correlation values for NO, ranged from 0.55
to 0.78 and from 0.63 to 0.74 for O3 at the air monitoring stations. The correlations between
satellite-based data and ground measurements provide confidence that the satellite data
can be used to study the impacts of these events. Although the differences in NO; and O3
concentration levels between satellite and ground measurements were not fully evaluated,
our results suggest that air quality models could be developed that include social events
as another driving factor. By combining remote sensing with meteorological, social, and
other relevant environmental information, we could greatly improve our understanding of
air quality at local levels. While remote sensing has limitations, it provides useful initial
information that could be used to better understand the changes caused by short-term
events like social protests and lockdowns.

The statistical analysis corroborated most of our assumptions regarding the signifi-
cance of changes in air quality months before and after the social upheaval events in Quito,
which is also consistent with the findings by Zambrano-Monserrate and Ruano (2020) at
a temporal scale of one year that the levels of NO, were the highest during the social
protests in October 2019, despite decreased vehicular traffic compared to February and
March 2020. This increase in NO; levels can be attributed to the significant burning of
waste and other materials such as tires and plastics with gasoline and other oil-derived
products during the protests, resulting in considerable air pollution in the city. Local citi-
zens employ these common tactics during social protests to block roads and disrupt traffic.
Additionally, data from ground stations at Camal and Belisario indicated very high NO,
concentration estimates that exceeded or nearly reached the upper limit recommended
by the World Health Organization [48,49]. NO; concentrations nearing this limit pose
a health risk. Conversely, during the COVID-19 lockdown period, we observed higher
concentrations of O3 in relation to NO, at the same stations, indicating that an increase in
O3 leads to a decrease in NO,. O3 levels also notably decreased between September and
November 2019, suggesting an overall improvement in air quality. This reduction is likely
associated with a substantial decrease in motorized traffic and lowered use of fossil fuels.
In addition, O3 is formed through photochemical reactions involving NO, and sunlight,
where solar radiation and the photolysis of NO; contribute to increased O3 and reduced
NO, levels [50].

In general, the pandemic-related events in Ecuador resulted in a significant decrease
in human activities between February 2020 and May 2020, which in turn led to a reduction
in air pollutant concentrations and improved air quality, as shown by the {-test compar-
isons of average median concentrations of the two analyzed gases before and after the
events. This finding is consistent with previous air quality studies that relied on REM-
MAQ data only [51]. Specifically, we rejected the null hypothesis of equal average median
concentrations of paired groups. We confirmed that air quality before and after the social
upheaval events statistically changed during our analysis periods T1-12, T1*-T2*, and
T1-T2*. However, while our study found that O3 concentrations decreased during these
periods, NO; concentrations increased. Since mobility restrictions started towards the
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end of March, we also compared average median NO, concentration changes between
February and March 2020 and found a statistically significant decrease for this gas. This
finding suggests that motorized traffic had already experienced a considerable decline
even before the generalized lockdown restrictions were implemented at the end of March
2020, probably when the number of positive cases increased exponentially in the country,
which had already impacted mobility. For example, S5P data show significant reductions
in NOj levels at the Belisario and Guamani station locations of 35% and 18%, respectively,
in March compared to the levels observed in February 2020. The average reduction in
NO, concentration across all station locations was 18% based on S5P data alone between
February and March 2020.

March 2020 shows the lowest average median NO, values for the study period
(September 2019-May 2020). Although NO, concentration levels remained low during
March and part of April (when stricter lockdown measures were implemented), these
increased again by the end of April and May 2020, as depicted by the statistically significant
increase in average median concentrations between March and May 2020. Although further
research is needed to be able to identify the exact reasons why such a significant increase
occurred despite the application of lockdown measures, one could hypothesize that the
change could have been associated with (1) geographic conditions, including solar activity,
wind conditions, humidity, and other environmental factors; and (2) increases in commer-
cial traffic and public transportation (e.g., trucks, buses) and other industrial operations
within the city limits that did not entirely stop despite the mobility restriction measures,
and in some cases, probably increased to satisfy the demand for goods and services of the
population under lockdown.

Based on the statistical results, we created geovisualizations of NO, and O3 con-
centrations using S5P data. These spatial depictions are useful for visualizing overall
changes over time and detecting spatial variations in concentration estimates across the
metropolitan district. We observed that NO, concentrations were particularly high in areas
with significantly high protest activity (October-November 2019) and higher population
densities. This indicates a possible correlation between the population density and NO,
concentrations. Interestingly, during the COVID-19 lockdown period (March—April 2020),
NO; levels decreased across the city, and O3 concentrations exhibited less variation, as
shown by a more uniform color pattern. This uniformity may be related to local weather
conditions, such as wind and sunlight, which could have affected the distribution of the
pollutants [52].

Finally, through the geovisualization of gas concentrations, we demonstrated the
advantages of using a cloud-based platform such as GEE to obtain a detailed and geolocated
understanding of air quality variation in a large urban conglomerate [53]. Furthermore, by
interpreting remote sensing data and analyzing social conditions like population density,
we provided new insights into particular social behaviors and their impact on short-term
atmospheric patterns.

6. Conclusions

This study evaluated air quality changes during social upheaval events using S5P data,
previously validated with ground station data from REMMAQ. Our findings indicate an
acceptable correlation between near-surface air quality data from REMMAQ stations and
satellite data, particularly for O3 and NO;. This information was summarized in statistical
estimates, graphs, and geovisualizations, which helped us to comprehensively characterize
Quito’s air quality conditions during the two social upheaval events in 2019 and 2020.
Our study suggests that social upheaval events generate short-term positive and negative
externalities in the environment or a simultaneous bi-directional response depending on
the gas type. We found that, for example, social protests, usually accompanied by increased
human activity and environmental disturbances, led to increased air pollution levels
throughout the city’s urban core, as reflected by increases in NO; levels probably associated
with the burning of waste. However, O3 concentrations decreased during the same period,
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probably linked to reduced vehicular traffic, sunlight, and other weather conditions. The
COVID-19 lockdown improved air quality, as depicted by the decreased air pollutant
concentrations of the two gases. However, the timing of the responses varies depending on
the type of gas. While O3 decreased between March and May 2020, NO; increased during
the same period. NO; estimates, on the other hand, decreased between February and March
2020, before the lockdown restrictions were in place. These findings suggest that drawing
general conclusions about the overall impacts of social upheaval events on air quality and
atmospheric conditions may not be feasible. Air quality assessments require studying trace
gases separately to better understand their individual impacts, sources, interactions, and
effects on the environment in the long term. This detailed knowledge is necessary for
developing targeted strategies to mitigate air pollution and maintain acceptable air quality
standards across the range of gases.

Understanding air quality is paramount for evaluating a region’s overall quality of life,
as environmental changes are intricately linked to human well-being, including effective
responses to numerous pollution concerns. The vulnerability of urban populations to air
pollution is notably high due to the pervasive generation of air pollutants through daily
routine activities linked to fossil-fuel-based transportation and industrial operations near
or within city limits [54]. Poor air quality conditions, for instance, significantly impact the
respiratory health of a region’s inhabitants. Therefore, improved air quality monitoring
strategies are pivotal in ensuring the well-being of urban dwellers in times of accelerated
environmental change and pressing socio-economic challenges [55]. Consequently, the
significance of remote sensing has increased in recent years not only because it can be
used to track atmospheric changes during relatively short time periods which could help
assess air quality almost real-time but also because remote sensing is a cost-effective alter-
native for developing countries that lack the resources to implement costly air monitoring
networks [56-58]. Spatial and temporal air quality monitoring methods, like those pre-
sented in this study, provide an alternative for collecting and analyzing data that could
be eventually integrated into effective controls and interventions based on readily and
near-real-time observations. This technology can provide tangible evidence of humans’ im-
pacts on the Earth’s system, which could be used to generate policies to curb local-to-global
environmental crises [59].
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