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Most of the Ecuador buses run on diesel, emitting high quantities NOx and PM2.5. Into the framework of
promoting the use of low impact energy and efficiency, the Ecuadorian energy efficiency law requires by 2025 that
all vehicles incorporated into the public transportation system must be electric. To assess the effects on the air
guality of Cuenca, a city located al the Southern Andean region of Ecuador, we used the Eulerian Weather
Research and Forecasting with Chemistry (WRF-Chem) model. The results were consistent with the pollutants'

trends observed during the COVID-19 lockdown in this city.
WRF-Chem, Weekend-effect, COVID-19 lockdown

| 1. Introduction

On-road traffic is one of the most important sources of air pollutants in cities located in Ecuador 2, Emissions
from this source are exacerbated for cities located in the Andean region of the country, owing to their altitude,
where the content of atmospheric oxygen is lower compared to at sea level. Therefore, combustion processes emit

more primary pollutants in these cities (&I,

In Cuenca (Lon. —=79.0°, Lat. —2.9°, 2500 m. a.s.l.), which is a city located in the Southern Andean region of the
country (Figure 1), during 2014, on-road traffic, among other pollutants, emitted 5981.0 and 384.0 t y~1 of NO, (NO

+ NO,) and PM, g, respectively, representing 71.2% and 42.2% of the total emissions of each pollutant 4,
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NO, (NO + NO,) is mainly produced by the combination of atmospheric N, and O,, when, under high temperatures
and pressures, air is mixed with fuel in engines. Diesel engines work at pressures 1.5 times higher than those of
gasoline engines of a comparable power 2!, producing high quantities of NO,. Additionally, diesel vehicles emit 10

to 100 times more particulate mass than gasoline vehicles & and are major sources of nanoparticles 2.

Ozone (O3) is a secondary air pollutant produced from photochemical interactions between NO, and volatile
organic compounds (VOC), through complex reactions under the influence of solar radiation [&l. Sources of VOC

are diverse, including gasoline cars, service stations, the use of solvents, and vegetation.

NO, can increase the airway reactivity to cold air in asthmatics and the susceptibility to bacterial and viral
infections of the lung . O is a strong oxidant and reactive pollutant, which increases the airway responsiveness,
airway inflammation, respiratory infections, tissue permeability, exacerbation of asthma, and pulmonary function

impairment (21191,

PM, ¢ exhibits effects after both short-term and long-term exposure. Current World Health Organization (WHO)

guidelines cannot guarantee complete protection against PM, s effects 1, thus requiring the lowest possible
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concentrations to be achieved. Short-term exposition includes cardiovascular and respiratory effects. The
International Agency for Research on Cancer (IARC) has classified outdoor air pollution and particulate matter from
outdoor air pollution as carcinogenic to humans 121231,

Although it was previously considered that air pollution mainly affects the lungs and cardiovascular system, recent
literature has reported that it also threatens brain health, promoting Alzheimer’s disease and affecting cognitive,
behavioral, and academic performances 141511161 |n terms of brain effects, particulate matter is the component of
air pollution that appears to be the most concerning 2.

1.1. Emission Inventory from Cuenca

The municipality of Cuenca currently has about 640,000 inhabitants. It has a complex topography, with altitudes
ranging from 1000 to 4000 m. a.s.l. (Figure 1). Table 1 presents a summary of the emission inventory from 2014 [,
The total emission of NO, was 8402 t y~1, with on-road traffic (71.2%) and a power facility (18.5%) located in the
northeast of the city being the most significant source. The total emission of PM, s was 907 t y™1, with on-road
traffic (42.4%), the handcrafted production of bricks (38.5%), and the power facility (11.3%) being the most
significant sources. The handcrafted production of bricks corresponds to about 600 artisanal producers, mainly

located in the northwest, outside of the urban area. The power facility is also situated outside of the urban area of

Cuenca.
Source NO, co NMVOC SO, PMyo PM, 5
tyl % ty?* % ty* 9% tyl 9% tyl 9o tyl o9
Ot?;’i?d 5081.0 712 58,2834 949 60654 396 67.9 40 8002 556 3840 42.4
Vegetation - - - - 2982.0 195 - - - - - -

Industries 654.4 7.8 257.7 0.4 156.2 1.0 10259 604 731 5.1 52.1 5.7

;OC‘G’I?; 15538 185 3344 05 1268 08 5950 351 1021 7.1 1021 113
Use of - - - - 45517 297 - - - - - -
solvents
service - - - . 8511 56 - ; ; ] . )
stations
Domestic
GLP 1379 16 215 00 46 00 00 00 91 06 91 10
consumption
Air traffic 242 03 30 01 54 00 43 03 03 00 03 00
Landfills - - - - 324 0.2 - 5 - - - R

The air quality stations are mainly located in the urban area. There is one automatic station located in the historic
center (MUN station, Figure 1), which, since 2012, has monitored the short-term air quality (CO, NO2, PM2 5, and

O3) and meteorology [29] Additionally, there are about 20 passive stations for measuring monthly-mean air quality
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Source _?OX 3 _1C° N_I\{IVOC _?02 _P1M10 f’le.s 1 in the
ty % ty % ty % ty % ty % ty % )
pose, is
Handcrafted )
production 51.0 0.6 24654 40 5342 35 4.1 0.2 3534 246 3493 385 'Mentis
of bricks [20] the USA
Dusterosion - - . . . . - - 98 67 97 11 nceand
Mining - - - - - - - - 44 03 00 00
Total 8402 100 61,398 10 15,310 100 1697 100 1439 100 907 100 (200 pg

m°). From 2008 to 2019, the annual mean NO, concentrations (passive stafions) varied between 5.5 and 47.2 ug
m~3 [201[21][22][23][24][25](26]  Apnnual mean NO, concentrations higher than the WHO guideline (40 ug m=3) 21 were
BrsesirtiteBbRtePosnBEBY Avd \aidiOv anezAME G Y eabestivel. repieseing loh%olanatdd Z0/acfttbettetah s
sppdiatis erisriane e efckaielbtapisoirtieardy deesl ibavys)igsnlciedicles emitted higher quantities of NO, and
PM, 5, compared with buses, producing 36.9% and 63.4%, respectively, of the total on-road traffic emissions of

Esom 2at3lie YehdlcduesimiitéoLB@ e Gas 7 e Bivhe IconcaTUrBlioNS fiddrbriead)rafie higher than the WHO
guideline (25 pg m=3). The annual mean PM, s concentrations varied between 6.1 and 10.8 ug m™3. During four

years inghj ind, this me s hiGaselinene wHo guidelindRiesel Vehicles
PoHbtaRt it Vehicles Automobile Pick-Up Bus Heavy Ll

From 2012 X019, the maxinituim 8-h h8d4h10, concentt&tions were Hgher thatBfile AVHO2R0dBine (1EOHL On~3)
during specific days from March 2013 (8), April 2013 (5), September 2015 (2), and September 2017 (3).
e . % ( %‘og ( )O.lp 1.6 @ 31.1IO 36.9 ®)

100.0

Studying the-growing historiqeydatasegza’agg gluality reqerds promotggdhe undeisiangling ojggg_gompl%,%@yior

of air pollutants in Cuenca. Based on the records from 2013 to 2015, the weekend effect (WE), which is a
phenomenon characterized b?//"increase%oc%ncentrationg'8f O3 duriné"&/eekends‘:"glthough 1‘?13‘ emissiorJrQ%P NO,

and Vocmcally lower ilnycompariﬁgri.}(_)zweekdaysg\(@s identifiegfpsthe urt@h%ea of %gg%ca (27, W&ting

the presence of a VOC-limited regime for O3 production. This finding provided the first insights into the influence of

decreased on-road traffic emis&ons duriﬁa-ﬁleekends. 0.1 16 114 14.1 100.0
-SQ ty L 30 3. . 61 8.2 22.7 67.9

1.3. Actions for Contrglllng Ait’ Pollutant Ernissions
% 452 - 04 8.9 12.1 334 1000

to its deMdnyexha@sanish). Actdrding to3®® RTV regulalibn, it is mad@afory thal@@Hicles r@@Rrd) in Cuehémust

demonstrate each year that their exhaust emissions are lower than the levels established in the national re%ulation
_ % 6.9 0.3 6.0 22.9 63.8 100.0

as a requirement to allow their use. Currently, through the RTV, CO and HC emissions from gasoline cars and the

opacitphfdjes¢iaedticle emidsjohs are me@asured. Todayl 20, emissi@&grom ongoad trafficza@.got contrafiom

Another component currently gﬁecting aif"]g'ollutant emisgigns is the op?e?ation of %?ﬁ'%lectric t(raa‘{r’r‘riL concei\;leCEP% the
new cgﬁlgftipgev\%%l?lic transp9nﬁtion sygiem of Cuencq)tgat aims to 1sglve the péoé)lems asgogiated witqg%—road
traffic. The building of this facility began at the end of 2013. However, different problems and conflicts have
appeared related to restrictedo/ﬁwobility atti%effects on 1d&&l commercidi®activities! 2. After Eéral yearslgg-&’elay,

the T:] 2trE: }girgv&)eegran to \9/9[& durlngﬂh& time of Wr(!)t_'fg this marlggcrlpt. Thgglectrlc ti%n)l aIIeV|ate§4.t8e air
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pollutanpelilissions along itspyie. wWaiasolinees the historic cenRieselwehielesiisplaced buses will FRvgner
Vehicles Automobile Pick-Up Bus Heavy

% 33.5 0.2 4.7 16.2 454 100.0

In the future, under the Tramewgk of the Ecuadorian energy efficiency law lﬂ' all vehicles Incorporated into the

PMq pavement ty 13.7 0.1 2.0 4.6 12.9 33.3
public transportatlon system must be electric by 2025. The shift from diesel to electric buses will eliminate or

nmu:mnnc to hew routes-

reduce the exhaust emissionsdsom diesalibpses, decreagipg, as a consgguence, 1ResNO, ang$ -, 5 emisHoNG.

1.4 TheeForeedLockdovn OWing to COWID-19 205 166 465 273.7

To reduce the spread of CC{Q/ID 19, ggveral measurgs such as ?ogkdowns 6quarantln sQay at h%%oeo and

transporggfionTegirictions were-1applied, yyogd-wide. Thg gorrespondipgyeffects; gp dir quadiy, Bave begip 0 be
reported from different regions. Nakada and Urban (2020) B9 reported drastic reductions in NO, NO,, and CO in
Sao Paulo (Brazil), although af? increasé391303 concentrdtions. Jia et 29'.5(2020) @r@ported éﬁ'%significa]rgqrgpact
on redug%g't{-&gpution in l\/l[%;nphis (U.%). Sicard et f‘.'z (2020) @zrg_gforted inga}e_:fsed Oyﬁg@entratiq;’kslli_ra four
European cities (Nice, Rome, Valencia, and Turin) and Wuhan (China). Otmani et al. (2020) 28] reported reductions
in PM;o, SO,, and NO, in Sal&{Morocco).-0 0.3 6.6 22.7 63.4 100.0

e dosoPBISSIRN o RO THREIRANS YpIBUR LIS S CRIFRO WRLR AN BFINRS, 4R YR dimentiioaranthtaiic
(357 the St SANRIND 96 Kt BRDYSBARIIRHHL Pt Rris (e8P ThIE BRIRN R PR n GRSEHAR
BRISHGHHEERbIGATG BGYIE MY ARID H1bTomE adiGifiEaalo by FRERRESHI S & MO R B BRMEH SRR ih R

gﬂrggmﬁgng!vlvoc from on-road traffic includes exhaust and evaporative (diurnal emissions, running losses, and
hot-soak emissions) emissions.

Although the exception status was officially maintained in Cuenca until 24 May 2020, some activities restarted on

Ty RooeiugEss S8MGLECSEHE the SRITEANLYEMNRMY A, WAS AR ion BiScAURMIMIRAU ISR SR
QHEGReYNORE SRS SUSED WY Ai6s bt rRGRMEINPa i JBRaFGHAE AR RAH AR s iGiRURNR JEPREPRTh S S
aRsaRrisesdbe,fel | viRg pugsas of PRELRLPL: P&, intraregional, interprovincial, national, and international.

The Sl Fuls ALIRRIAN REPSABHET RbHRIISECR MERIOSISRARY o 184Hshdsd Mg meRidreant
R MG o R Y FRREPI VST ANR Y SIS ARSHEOGRIG LR APREaEE M MeAGLY, SIHAYRYNTRE HRRfE. OF SiX

planetary boundary layer schemes for modeling the air quality in Cuenca [18] Modeling is also a powerful approach
fidaieseringoinepliines the Rilowatitssiies &7 weangemaliyyna enussien inventories ¥, which can help define

policies, programs, and projects for air quality management.
» Verification of the presence of the WE in Cuenca after 2015;
» The effects on air quality due to the future shift from diesel to electric buses;

e The air quality during the COVID-19 lockdown, and its comparison to previous weeks and years;

« A holistic analysis of these interrelated components to identify insights for air quality management.

| 2. WE in Cuenca
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In agreement with the results from 2013 to 2015 [ZZ, from 2016 to 2019, the mean-daily profiles of CO, NO,, and

PM, 5 showed lower concentrations on Saturdays and Sundays, compared to weekdays. However, O3 profiles

were higher. Figure 2 depicts the profiles from 2018. The profiles of other years presented similar configurations.

CO (mg m™)

PM:.E (g m"”}

Figure 2. Mean-daily profiles from 2018: (a) CO, (b) NO,, (c) PM, 5, and (d) ozone (O3).
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From 2013 to 2019, the increase in the maximum 8-h mean O3 concentrations of Saturdays and Sundays
compared to weekdays varied between 2.6% and 11.8% and 5.6% and 15.8%, respectively (Figure 3). Although
we limited our analysis to the yearly period, our results confirm the presence of the WE in the urban area of

Cuenca, where on-road traffic is the most relevant air pollutant source. More insights can be drawn in the future,

through an analysis of the historical records per season or month.

https://encyclopedia.pub/entry/2331

6/21



Air Quality Management | Encyclopedia.pub

20 I 1 1 L 1 L 1 3 I
18 - B saturdays |
16 ! 15.8 B Sundays
14 - .

,,_..
t-J
]

10.6

Percentage
=
1

2013 2014 2015 2016 2017 2018 2019

Year

Figure 3. Increase in the maximum 8-h mean Oz concentrations from Saturdays and Sundays compared to
weekdays. Period of 2013 to 2019.

Diesel vehicles, representing 10.8% of the total fleet from Cuenca, reduce their activity during weekends.
Therefore, significant reductions in NO, and PM, 5 emissions take place on weekends compared to weekdays. The
lower activity of gasoline vehicles, which cover 89.2% of the fleet, during weekends, mainly decreases the
emissions of CO and NMVOC. Therefore, the decrease of CO, NO,, and PM, s emissions during weekends
produced, on average, lower concentrations of these pollutants (Figure 2). Other sources, such as small industries,

also reduce their emissions during weekends, but the decrease in on-road traffic is more significant.

| 3. Shift from Diesel to Electric Buses

At the location of the MUN station, differences between the simulated scenarios (DB - EB) showed decreases in
CO (between 0.00 and 0.14 mg m™3, median 0.02 mg m~3), NO, (0.8 to 16.4 pg m~3, median 7.1 pg m=3), and 24-h
mean PM,s (0.2 to 1.8 pg m™3, median 0.9 pg m™3) concentrations. However, the maximum 8-h mean O,

increased (1.1 to 8.0 pg m™3, median 3.5 pg m=3) (Figure 4).
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Figure 4. Modeled concentrations from September 2014 for the scenarios DB (diesel buses) and EB (electric

buses). (a) Maximum 8-h mean CO, (b) maximum 1-h mean NO,, (c) 24 h mean PM, 5, and (d) maximum 8-h O3

mean.

At the passive stations, the results of EB compared to the DB scenario (Figure 5) showed decreases in mean-

monthly NO, (0.2 to 5.6 pg m~3, median 3.8 pg m™3), although increases in mean-monthly O3 (0.0 to 5.7 ug m™3,

median 3.9 pg m=3) (Figure 5). The smallest differences, for both NO, and O3, were computed at Ictocruz (ICT)

and Escuela Héctor Sempértegui (EHS), which are passive stations located in the south and north, respectively, in

terms of the consolidated urban area of Cuenca (Figure 1), and, therefore, are only influenced by on-road traffic

emissions to a small degree.
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Figure 5. Comparison of modeled mean-monthly concentrations of September 2014. Horizontal axis: EB (electric
buses) scenario. Vertical axis: DB (diesel buses) scenario. (a) NO, and (b) O3. Nomenclature corresponds to the

passive stations.

Figure 6 shows the modeled maps of NO, (1-h mean at 7:00 local time (LT)) and O3 (maximum 8-h mean)
concentrations of the DB and EB scenarios, from 12 September 2014. The Supplementary Materials section shows

movies of the hourly modeled concentrations of NO, and O3 from 12 September 2014, for both the DB and EB

scenarios.
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Figure 6. Modeled NO, (1-h mean at 7:00 LT): (a) DB, (c) EB, and (e) DB - EB. Modeled O3 (maximum 8-h
mean): (b) DB, (d) EB, and (f) DB-EB. 12 September 2014.

For the DB scenario, NO, (NO, concentrations up to 45 pg m™3) in the urban area titrate Og, reducing its
concentrations (up to about 75 pg m=3) compared to the levels computed for surrounding zones of the urban area
(up about 85 pg m~3). For the EB scenario, NO, (NO, concentrations up to 35 pg m™2) titrate to a lower degree,
allowing higher O3 concentrations (up to about 80 pg m™3) in the urban area of Cuenca. When shifting to the EB
scenario, modeled differences showed NO, decreases between 3 and 15 ug m™2, and O3 increases between 3 and

7 ug m=3,

The modeled results indicate that the primary benefits of shifting from diesel to electric buses, as a mandatory
action established in the Ecuadorian efficiency law, are decreases in the maximum 1-h mean NO, (median 7.1 ug
m~3) and the 24-h mean PM, s (median 0.9 ug m=3). However, this shift can increase the maximum 8-h mean Og

concentrations (median 3.5 pg m™3).

Apart from decreasing their short-term concentrations, lowering the NO, and PM, 5 will also reduce their annual
mean levels, promoting the attainment of the WHO guidelines and the air quality regulation. We highlight the
benefits of reducing air pollution and particulate matter, owing to their carcinogenicity to humans 22131 and the
effects of particulate matter on the brain, which, according to recent literature, is the component of air pollution that

appears to be the most concerning 4. The modeled results and VOC-limited regime for photochemical O
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production suggest that VOC controls should accompany future NO, reduction to avoid an increase in Oz levels in
the urban area of Cuenca.

In the future, the RTV should incorporate both NO, and VOC emission controls to verify the proper condition of
exhaust catalysts for gasoline cars. Additionally, the RTV should incorporate NO, and PM, g controls for diesel

vehicles.

The direction of change in pollutants between the DB and EB scenarios was consistent with that observed during
the COVID-19 lockdown. Although other sources reduced their activities, the absence of buses allowed, to a high
degree, a reduction in NO, and PM, 5 in the urban area of Cuenca. This consistency supports the validity of the

approach used in this contribution to assess the effects of the future shift from diesel to electric buses in Cuenca.

The modeled results provide a preliminary estimation of air quality benefits based on the assumption that all diesel
buses belonging to public transportation in the future will be replaced by electric buses. An updated emission
inventory and the proposal of an appropriate future electric bus fleet (electric and hybrid) configuration will refine
these results. Another limitation of our study is the period employed for modeling. Although September was

considered representative, it is advisable to model other months or even the entire yearly period.

Another scenario deserving exploration is the control of emissions from heavy diesel vehicles, which contributed
the largest percentages of on-road emissions of NO, (36.9%) and PM, 5 (63.4%) in 2014. The effects of NMVOC
controls should be explored for gasoline cars, especially for older vehicles. Due to their emissions, other sources
deserving dedicated assessments are industrial activities, the power facility, and the handcrafted production of
bricks.

The operation of the tram project will produce changes in the public transportation system of Cuenca. The routes of
buses need to be appropriately redesigned to define the best way to incorporate them. Emissions from buses will
be redistributed, alleviating their magnitude on the historic center, although moving emissions to areas under the

influence of new routes.

Table 4 presents a comparison with other assessments on the influence of moving to electric vehicles. Minet et al.
(2020) 28l and Soret et al. (2014) B2, although using WRF as the meteorological model, used Polair3D and the
Community Multiscale Air Quality Model (CMAQ) as the chemical transport model when studying the effects on the
air quality in areas of Canada and Spain, respectively. Minet et al. (2020) reported decreases in NO, and PM, s,
although they did not focus on Oj. In agreement with the tendencies of our modeled results, Soret et al. (2014)
reported decreases in NO, and PM, 5, but increases in O3. One advantage of using WRF-Chem is the possibility to
apply an online approach, allowing simultaneous treatment with feedback between meteorological and air quality
variables.

Table 4. Comparison with other assessments on the influence of electric vehicles on air quality.
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Case or Reference

Component This Assessment Minet et al. Soret et al. Nogueira et al. Varga et al.
(2020) 8 (2014) E1 (2019) 81 (2019) E2
. Torpnto and Barcelona and Séo Paulo, Cluj-Napoca,
Region Cuenca, Ecuador Hamilton area, i : . .
Madrid, Spain Brazil Romania
Canada
20 to 26 March
. and 3 to 5 October
Period September 2014 14 to 20 August 2011
2016
. Emission o
Emission changes ) Emission — -
. : changes and air . Emission Emission
Approach and air quality . changes and air
: quality . . changes changes
modeling . quality modeling
modeling
Models WRF-Chem WREF, Polair3D WRF, CMAQ
Spatlgl 1 km? 1 km? 1 km?
resolution
Approach Online Offline Offline
Decrease in NO, M Decrease in NO
(7.1 pg m~3) and ean exposure 3. 2 Decreasein NO  Decrease in
. decrease to (35 ug m™) and o )
Main results PM, 5 (0.9 ug 3 emissions by a 6.4ty of
23 NO2 (6% to PMo (8 pg m™)
reported m™°) . factor of four to NO,
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diesel trucks at  conventional with buses
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level.

electric vehicles

Nogueira et al. (2019) 28 and Varga et al. (2019) 22 applied an approach based on changes in emissions when
assessing the effects in Sdo Paulo (Brazil) and Cluj-Napoca (Romania), respectively. These assessments,

summarized in Table 4, reported decreases in NO, emissions.

Although the replacement of diesel buses by electric buses will reduce the emissions along the routes used by
these vehicles, the generation of electricity will produce air pollution in the areas of influence of the fossil fuel power
facilities belonging to the Ecuadorian mix. From 2001 to 2018, electricity came from renewable sources (43.5% to
73.6%), fossil fuels (26.2% to 52.2%), and importations (0.1% to 11.5%) “9. Non-renewable sources include the
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combustion of fuel oil, diesel, naphtha, natural gas, bunker, oil, and liquid petroleum gas. The impact on air quality

due to the electricity produced in Ecuador is a topic deserving of further research.

| 4. Air Quality during the COVID-19 Lockdown

The concentrations of CO and NO, were lower during the COVID-19 lockdown compared to previous records from
2020 (Figure 7). The maximum 8-h mean CO mean decreased from 0.74 (median) to 0.60 mg m~3. The maximum
1-h mean NO, decreased from 36.8 (median) to 16.3 pug m™3. The distributions of CO and NO, during the lockdown

period were statistically different, with lower levels compared to distributions from 01 January 2020 to 16 March

2020 (Table 5).
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Figure 7. Air quality in Cuenca from 01 January to 16 May 2020. (a) Maximum 8-h mean CO. (b) Maximum 1-h

mean NO,. (c) 24-h mean PM, 5. (d) Maximum 8-h mean Os.

Table 5. Wilcoxon tests of short-term air quality records from 2020. Distributions of records were statistically equal

if p > 0.05 (green background). Distributions of records were statistically different if p < 0.05 (gray background).
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Maximum 8-h Maximum 1-h 24-h Mean Maximum 8-h
Compared Periods Mean CO Mean NO, PM, 5 Mean O3
Probability p

01 January to 17 March to

-9
16 March 16 April 0.004 1910

01 January to 17 March to

-4
16 March 16 May 8.7 x 10

7.1x1074 35x 10718

Additionally, the concentrations of PM, s were lower during the restriction (Figure 7). The 24-h mean PM, 5
decreased from 9.6 (median) to 5.7 ug m™. The peak after 17 March 2020 can be associated with the arrival of
volcanic ash from the Cayambe—one of the currently active volcanoes in Ecuador “X—which produced light ash
fallout in Cuenca on 24 March 2020 42 This peak influenced the PM, s records from 17 March to 16 April 2020,

which showed a distribution statistically equal to records from 01 January to 16 March 2020.

During the first days of the lockdown, the O3 concentrations increased. The maximum 8-h mean O rose from 52.2
to 55.7 pg m~3, with the last value being the median from the first month after 17 March 2020. The median from 17
March 2020 to 16 May 2020 was 47.1 pg m=3. The distribution of O3 from 17 March to 16 April 2020 was
statistically different, showing higher values compared to the distribution from 01 January to 16 March 2020 (Table
4). However, the distribution of O3 from 17 March to 16 May 2020 was statistically equal, showing similar levels to
the distribution from 01 January to 16 March 2020.

The seasonal behavior of the maximum 8-h mean O3 in Cuenca shows a decrease during April and May, with the
lowest concentrations during June and July (Figure 8). After this, O3 increases, typically reaching the highest
values during September. Therefore, the O3 decrease during the second month of the lockdown relates to its
seasonal variation. Figure 8 shows that the O3 levels during the COVID-19 lockdown were higher than the

concentrations from previous years (2015 to 2019).
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Figure 8. (a) Maximum 8-h mean Oz from 2015 to 2020. (b) Mean maximum 8-h O3 from 2015 to 2019 and

maximum 8-h Oz from 2020. Urban area (MUN station) of Cuenca.

Figure 8 shows the mean profile (maximum 8-h mean) of O3 concentrations deduced from the records of the period
2015 to 2019 and the concentrations from 2020. The profile from 2020 shows, in general, higher concentrations
compared to the mean of the previous years. From 01 January to 16 March, the O3 concentrations from 2020 were
10.0 pg m™3 (median) higher than the mean profile from previous years. During the lockdown (17 March to 16 May
2020), this difference increased to 13.9 pg m™3 (median), indicating a net increase of 3.9 ug m=2, which is
consistent with the increase (3.5 pg m~3, median) obtained by modeling when assessing the air quality effects of

moving from DB to EB.

Figure 9 compares the records from the lockdown to previous years. The median values of CO, NO,, PM, 5, and
O3 from 2015 to 2019 varied between 0.74 and 1.24 mg m=3, 22.9 and 37.0 pg m=3, 4.2 and 9.4 ug m™3, and 32.4
and 37.3 pg m™3, respectively. During the COVID-19 lockdown, the medians of CO and NO, dropped to 0.57 mg
m~3 and 15.3 pg m=3, respectively. The PM, s during 2020 was 6.2 pg m3, so it was higher than the value from

2015. However, O3 during 2020 increased to 49.8 ug m=3.
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Figure 9. Air quality in Cuenca (MUN station) from 17 March to 16 May from 2015 to 2020. (a) Maximum 8-h mean
CO. (b) Maximum 1-h mean NO,. (c) 24-h mean PM, 5. (d) Maximum 8-h mean O3.

The distributions of CO and NO, during the lockdown period from 2020 were statistically different, showing lower

concentrations compared to the distributions of the same period from 2015 to 2019 (Table 6). Similarly, the

distribution of O3 was statistically different, showing higher levels compared to the previous years. The distribution

of PM, 5 during the lockdown period from 2020 was statistically equal, only showing similar concentrations to 2016.

Table 6. Wilcoxon tests of short-term air quality and global solar radiation records from 17 March to 16 May.

Distributions of records were statistically equal if p> 0.05 (green background). Distributions of records were

statistically different if p < 0.05 (gray background).

c d Maximum 8-h Maximum 1-h 24-h Mean Maximum 8-h  Global Solar
ompare Mean CO Mean NO, PM, 5 Mean O3 Radiation
Periods £

Probability P
2019 2020 6.1 x 10715 1.7 x 10718 2.2 x 1074 1.2 x 1077 -
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Maximum 8-h Maximum 1-h 24-h Mean Maximum 8-h  Global Solar
Compared

Periods Mean CO Mean NO, PM, 5 Mean O3 Radiation
Probability P
2018 2020 7.2 x 10716 1.1x 10715 0.04 2.1x 10715
2017 2020 8.7 x 10718 5.6 x 10715 0.007 1.8 x 10710
2016 2020 1.7 x1078 2.0 x 10714 - 7.5x 10715
-18 -9 =5 =ils)
2015 220520 8.7 x 10 Z.ZSX 10 3.1 x10 8.6 x 10 USeS—in

the historic center, due to activities of the construction of the electric tram. This project's construction activities
caused the closing of streets and changes in the routes of buses and limited the use of particular vehicles 28, The
operation of this project will produce changes in the public transportation system of Cuenca. At the time of writing

this manuscript, the tram was being tested, and it will officially start working during the upcoming weeks.

The decrease in CO, NO,, and PM, 5 from 17 March to 16 May 2020, compared to previous weeks (01 January to
16 March 2020), was consistent with the decrease of these pollutants compared to previous years (2015 to 2019).
Although other activities, such as some industries, probably reduced their activities, these changes can be
associated, to a high degree, with reductions in on-road traffic. During the restriction, all types of vehicles reduced

their activity. Buses did not work, and, therefore, there were essential reductions in NO, and PM, .

On the other hand, the increase in O3 concentrations is consistent with the hypotheses behind the WE 2. Among

them, the results suggested that the following could have a leading role:

e There is a VOC-limited regime, with a VOC/NO, ratio lower than 8. Under this regime, VOC limits Oj
production, and NO, reduction promotes O3 production, and;

e Less Oj is titrated because NO, emissions are lower compared to weekdays.

Other mechanisms, such as the reduction in soot, can contribute to higher O3 concentrations. More studies are

required to define the participation of these and other hypotheses behind the WE in Cuenca.

Figure 10 shows the mean profiles of global solar radiation from 2017 to 2020 (MUN station), corresponding to the
period 17 March to 16 May. These profiles indicate the mean levels of solar radiation from 9:00 to 16:00,
representing the hours when Oz concentrations are typically higher. The profile of 2020 did not show higher values
compared to previous years. The corresponding Wilcoxon tests indicated that the distributions of global radiation
records from 2020 were statistically equal compared to the previous three years. These results indicate that the
increase in O3 concentrations during 2020 is not related to higher solar radiation levels. Apart from changes in the
emissions of precursors, another factor potentially involved is the long-range transport of O3. From 1 January to 16
May of 2020, Terra and Aqua satellites [44] identified forest fires, mainly in Colombia and Venezuela, toward the
northeast of Ecuador. In addition, forest fires were mostly identified in the north of Peru and the center of Brazil. At

the latitude of Cuenca, forest fires were less abundant and mainly at the center and west of South America.
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Although the influence of forest fires is outside the scope of this study, their occurrence from 1 January to 16 May

suggests their emissions were not the leading cause of O3 increases during the COVID-19 lockdown.

2018

2017 2019

2020

800 —

Global solar radiation (W m?)

7111 S Sl NI NI S S S
9 10 11 12 13 14 15 16
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Figure 10. Mean profiles of global solar radiation from 2017 to 2020 in the urban area (MUN station) of Cuenca.
Period 17 March to 16 May.

The effects of the COVID-19 lockdown and modeled results presented in this contribution provide an early

reference for the potential changes in the air quality of Cuenca during the next few years.

Although we focused our analyses on Cuenca, our results can act as a preliminary reference for other medium—
large Ecuadorian cities, which share similar features with regards to their vehicular fleets and emission

contributions 2121,
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