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Abstract

The COVID-19 lockdown presented a peculiar oppotyuto study a shift in the photochemical
regime of ozone production in Quito (Ecuador) befand after mobility restrictions. Primary
precursors such as NO and CO dropped dramaticallgady as 13 March 2020, due to school
closures, but ambient ozone did not change. Inwoik we use a chemical box model in order to
estimate regimes of ozone production before arat #fe lockdown. We constrain the model with
observations in Quito (ozone, NGCO, and meteorology) and with estimations offizadssociated
VOCs that are tightly linked to CO. To this end, use the closest observational data of VOC/CO
ratios at an urban area that shares with Quitoitiond of high altitude and is located in the trcgi
namely Mexico City. A shift in the chemical regiratter mobility restrictions was evaluated in light
of the magnitude of radical losses to nitric acid & hydrogen peroxide. With reduced ]N@ the
morning rush hour (lockdown conditions), ozone picithn rates at 08:30-10:30 increased from
4.2-17 to 9.7-23 ppbv'h respectively. To test further the observed shifthemical regime, ozone
production was recalculated with post-lockdown ,N€vels, but setting VOCs to pre-lockdown
conditions. This change tripled ozone productiotegan the mid-morning and stayed higher
throughout the day. In light of these findings,qti@al scenarios that present the potential fomezo
accumulation in the ambient air are discussed.

Key words: ozone; ozone production; NQair quality; photochemistry; COVID-19; Quito;
Ecuador.

1. Introduction

The COVID-19 pandemic placed the world’s public Ittean peril since its original outbreak in
China in December 2019 (Greene, 2020). As counatesss the globe implemented locking down
policies and quarantined their citizens in orderctombat uncontrolled infection, reductions in
surface contaminants were reported in several udbeas, to the point of being observable from
space (NASA, 2020; ESA, 2020). Consistently, intQiEcuador) a decrease in primary pollutants
(CO and NQ) was evident as a direct result of mobility restons (a brief summary of events is
included below), which was documented promptly iedm releases (Quito Informa, 2020).
However, little has been explored in regard to #ffect of reduced emissions in secondary
pollutants such as ozone, a highly oxidative commant that is health-harming of human and non-
human populations (Madden and Hogswett, 2001; Ho.e2007). In this contribution, we analyze
how mobility restrictions impacted the chemicalineg of 0zone production in Quito.

Quito is a city of 2.78 million inhabitants (INEQQ17) located on the equatorial Andes, at an
altitude that varies from 2400 masl (meters ab@zelsvel) in the surrounding valleys to 2800 masl
at the main urban center. To place this study withe sequence of events that led to conditions of
reduced emissions, a quick chronology based owmiaffsources follows (Servicio Nacional de
Gesibén de Riesgos y Emergencias, 2020). The émirted case of a person infected with COVID-
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19 in Ecuador occurred on 29 February 2020 in testside province of Guayas. As the infection
began to propagate within the country, the goveninssued school closures at the national level
on 13 March 2020. On 17 March, a decree was istueéstrict citizens’ free mobility through a
21:00-05:00 national curfew. In Quito, the localvgmment suspended public transportation
(mainly composed by a fleet of diesel buses) onMBfch. The government further hardened
mobility restrictions on 25 March by imposing a @@05:00 curfew in the entire country.
Circulation of private vehicles was limited by tlast digit of their plate number. This restriction
continued into April, although delivery vehicles mweallowed to drive until 19:00. These measures
had an impact on the levels of N@&nd VOCs and on the chemistry of ozone productigmnch we
discuss in this paper.

Ozone production has been studied comprehensivwelpndny authors (i.e., Haagen-Smit et al.,
1956; Finlayson-Pitts and Pitts, 1977; Thorntoralet 2002). Briefly, during daylight hours, NO
photolyzes and leads to the formation of ozone Bi@l in a 1:1 stoichiometric proportion.
Subsequently, ozone is titrated by NO. The latter teactions (summarized in Rx. 1) yield a null
cycle in the clean background atmosphere. In tl@mmatmosphere, VOCs are oxidized by the
hydroxyl radical (OH). As a result, hydroperoxy (bJGand organic peroxy radicals (RQare
formed and react with NO to produce pNdhese reactions produce secondary organic radical
(RO"), which continue to oxidize towards additionptoduction of NQ (propagation chain
compactly represented by Rx. 2 to 4). This ,Nthat forms outside of the titration step of ozone
with NO, rapidly undergoes photolysis and is coteeinto ozone.

NO; + hve-0O3+ NO Rx. 1
VOCs + OH—» HQ, RO+ H,O Rx. 2
RO, + NO—» RO’ + NQ Rx. 3
HO,+ NO— OH + NQ Rx. 4

Due to the above processes, the chemical rateanfeogroduction equals the rate of Nl@rmation
from radical reactions with NO and is calculatetbtlyh Eq. 1, as previously studied in several
modeling and experimental work (Jaeglé et al., 2&lrley et al., 2006; Dusanter et al., 2009;
Cazorla and Brune, 2010; Ren et al, 2013). In Eg:ohstantk are temperature dependent rate
coefficients for every reaction.

P(G3) = Knoz+no[HO2][NO] + X Krozji+no [RO2]; [NO] Eq. 1

Ozone production continues to be fueled in a catafgshion by rapid cycling of OH into HO
until a termination step takes place. Terminatian occur due several mechanisms of the type
NOx-HOy or HO-HO,. Two of the most studied reactions (Sillman, 198f) formation of nitric
acid and hydrogen peroxide represented by Rx. 56ardspectively (M in Rx. 5 is the altitude
dependent abundance of background air moleculdsd. rate of radical losses due to these
mechanisms can be quantified through Eq. 2 andi3teeir magnitudes can be used to assess if the
ozone production regime is NQaturated (Rx. 5 dominates) or Nfinited (Rx. 6 dominates)
(Kleinman et al., 2001; Kleinman, 2005).
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OH + NO, + M— HNGQ; + M RX. 5
HO, + HO, » H02 + O Rx. 6
L1= koH+N02[OH][N02] Eq. 2
L2 = Koz« Hoz[HO]? Eq. 3

As presented, it is necessary to count on ancillaeasurements of NGand VOCs in order to
constrain chemical models for the purpose of catouj radical abundances and assessing regimes
of ozone production. In the present case, direc€¥@easurements are unavailable. Thus, we took
advantage of the fact that traffic-associated V@festightly linked to ambient CO. Consequently,
we present VOCs derived from VOC/CO ratios takearaither high altitude Latin American city
(Mexico City). Furthermore, we used the dramatiarge in traffic emissions during the study time
period as an indicator of pre- and post-lockdowacprsor conditions. With these strategies, we
applied the Master Chemical Mechanism (MCM) (Jen&tnal.,, 1997; Saunders et al., 2003)
implemented in the Framework for 0-D Atmospheric ddling (FOAM)(Wolfe et al., 2016) to
model radicals and calculate ozone production rdtes research questions we pursue in this study
are the following:

a) What are observed levels of precursors that tead shift in the chemical regime of ozone
production from N@-saturated to N@limited in Quito?

b) What are practical scenarios under which higidpction rates could lead to accumulation of
ozone in the ambient air?

The organization of the paper is as follows: in tethods section, we describe the measuring site
as well as air quality and meteorology data setsthErmore, the strategy used to estimate VOCs
and photolysis frequencies is described in detailaddition, we describe model details and
constraints. In the results section, we discusgidgncies encountered among radical abundances,
NOy levels and ozone production rates, before and #ite COVID-19 lockdown. We include a
practical view of scenarios under which increasat#®s of ozone production could lead to high
ozone days in Quito. In the conclusions section,pnesent the main lessons revealed by such
dramatic change in precursors in regard to the ymtiah of ozone and its overall effect on air
quality.

2. Methods

Sections 2.1 to 2.3 describe data sets and estimatntities needed to constrain the chemical box
model, section 2.4 describes model settings, antioss 2.5 and 2.6 describe methodology for
specific analyses.

2.1. Measuring site and in situ data

Ozone, NQ@, and meteorological observations were taken aAthespheric Measurement Station
(EMA, Spanish acronym) on the main campus of Usidard San Francisco de Quito (USFQ).
EMA is located in the valley town of Cumbaya, eabtQuito’s main urban center. The station
coordinates are 0°11'47” S, 78°26'06” W, and 24thdsl. Cumbaya is an urban area that belongs to
the Metropolitan District of Quito. Fig. 1 shows psawith EMA's location relative to Quito and to
Ecuador. Additional topographic maps are preseelsglvhere (Cazorla and Juncosa, 2018).
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We present 10-minute data for NO, j@nd ozone from 1 January to 30 April 2020. Dstail
relative to air quality instrumentation are desedbn previous work (Cazorla, 2016). Briefly, NO
measurements were taken with a Teledyne T200 msintt The instrument is periodically
calibrated at EMA using mixtures prepared with difted NO standard and zero air. Measurements
are also intercompared against those of a neighdpo€ity station. From calibrations, dl-
uncertainty in measurements is 5%. The low detediiit of this instrument is 0.4 ppbv. Thus,
only data greater than 0.4 ppbv were used. Ozomernsinuously measured with a Thermo 49i
analyzer. Ozone measurements are periodically eldebk intercomparing against ground station
measurements taken with conditioned electrochensmatentration cells used at EMA for vertical
profiling (Cazorla, 2017). Beginning February 202fzone measurements are also checked
periodically against a new 2B Technologies sensodeh205. The limit of detection of the 49i
sensor is 0.5 ppbv. From intercomparisons, rheasurement uncertainty is 8%. In addition to 10-
minute time series, we present ozone, NO ang M®an diurnal variations (MDV) prepared by
overlapping 10-minute data each month and obtaiamgverage every hour.

Physical meteorology measurements (10-minute dak@®n at EMA from 1 January to 30 April
2020 (temperature, pressure, relative humidityars@diation, and precipitation) are also presented
Details of the meteorological context within whittis work was developed are included in the
Supplementary Material (SM), Appendix S1 (Table &ig. S1.1 and S1.2). Briefly, average
temperature maximum from January to April was 23224vhile the relative humidity at noon was
40-50%. January was the month with the greatesteumf sunny days (from thd" %o the 18')
and no rain (19 days). On the other hand, April tescloudiest month during which there were
rain events at different hours in 20 days. Totakypitation in January, February, March, and April
was 74.9, 112.9, 99.8, and 145 mm, respectivelygeneral, at the measuring site, cooler
temperatures, more cloudiness, and rain are tyfrical February to May and around November,
while the summer months run from July to mid-Seftem(Cazorla and Juncosa, 2018).
Information about meteorological instrumentationEMA can be found elsewhere (Cazorla and
Tamayo, 2014). Instruments were calibrated aganmigpendent standards from which uncertainty
in meteorological data is 5%.

Carbon monoxide measurements are unavailable at.BHWAs, CO data were obtained as 1-hour
averages from Quito’s air quality network and palarchive (Secretaria de Ambiente, 2020). The
car fleet and the traffic situation during weekdaysh hours are comparable in the entire
Metropolitan District for which we worked under tlssumption that CO levels are similar, on
average, within the urban area. Thus, we chose #tegions within the city (stations marked in Fig.
1, coordinates and details in the SM, AppendixF8@g, S2) and obtained an average CO time series
for the study time period. Mean diurnal variatidyefore and after the lockdown are presented in
the results section. The standard deviation ambaghree sample stations was used as a measure
of uncertainty for CO, which corresponds to +/-2&fthe 1e level. Stations were chosen based on
data quality and completeness. To constrain theelm&@O data was linearly interpolated to match
EMAs 10-minute time stamp.

2.2 Derivation of VOCs

Direct VOCs observations are unavailable in Quitaus, traffic-borne VOCs, which are intimately
linked to CO (Bon et al., 2011), were derived us\f@C/CO ratios from a similar urban area.
Hence, we used measurements of non-methane VO@®lhgas CO by Jaimes-Palomera et al.
(2016) in the Mexico City Metropolitan Area from kth to May 2012. Mexico City, located at
2550 masl in the tropics, shares with Quito condgi of high altitude that directly influences
combustion and levels of VOCs as previous work destrates (Nagpure et al., 2011; Fang et al.,
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2019). Hence, Mexico City's measurements are tbeest observational data suitable to be applied
in the present case. To be precise, the work phaaliby Jaimes-Palomera et. al. presents average
diurnal profiles of VOCs and CO that representdgpurban conditions. Thus, we correlated VOCs
with CO to obtain VOC/CO ratios for: propane, 3-hm@bentane, n-butane, n-hexane, ethene,
propene, benzene, toluene, m-xylene, and ethyllbenzdratios range from 0.0062 (3-
methylpentane) to 0.06 (propane). All factors aathdire presented in the SM (Appendix S3, Table
S3). Subsequently, we used Quito CO observatiodetive VOCs and constrain the chemical box
model, as discussed in section 2.4.

2.3. Estimations of NQ and ozone frequencies of photolysis

Photolysis frequencies of NO(Jno2), used to constrain the photochemical box modedrew
estimated following Trebs et al. (2009). Thus, veedi 10-minute station measurements of global
solar radiation (Fig. S1.1) taken at EMA. Howeuhrs empirical model was proposed for sites at
altitudes lower than 800 masl. Due to this cavaatalternative estimation was performed using
measurements taken in Mexico City in March 200Gsdomparison is suitable for observations
were performed in a city in the tropics and at hadfitude. HenceJyo, measurements in Mexico
City documented by Li et al. (2011) were correlaiedolar radiation measurements taken by Fast
et al. (2007) and a simple scaling factor was oleifrom a linear regression (details in the SM,
Appendix S4, Fig. S4). This factor was appliedte solar radiation time series taken at EMA in
order to estimatdyo.. These calculations yielded upper and lower lifotsJyo, (Trebs’ method
and Mexico City measurements, respectively). Hemee present the average of both methods as
Jno2 estimates and use the difference between the boesdas a measure ofcluncertainty (+/-
17% at noon and +/- 32% in the mid-morning andrafien). Subsequently, a simple scaling factor
of 4.67x10° (obtained from simple observation) that relalgs to Joz-o01o Was extracted from the
work by Li et al. (2011). We applied this factor Quito’s Jyo. to find ozone frequencies of
photolysis. BothJnoz and Josz->o1p, Were used to constrain the chemical box modedithahal
frequencies of photolysis for other atmosphericcEsewere calculated by the model, as explained
in the following section.

2.4 Model details

We used the Framework for 0-D Atmospheric Model{igolfe, 2016), FOAM v4, which is a
complete MATLAB-based software loaded with six neéoluse atmospheric chemistry
mechanisms as well as with three options for résglphotolysis frequencies. The FOAM has been
extensively used and proven to be a powerful toophotochemical simulations (i.e., Brune et al.,
2019). In the present case, we used the Master iICAeMechanism (Jenkin et al., 1997; Saunders
et al., 2003), MCM v3.3.1, obtained via websitegtitmcm.leeds.ac.uk/MCM). Thus, a subset of
reactions for the 10 VOCs indicated previously warepared directly from the MCM website and
added as code to the FOAM. The chosen photolysisoropn the FOAM was the MCM
parametrization (Wolfe, 2016). The model was caiséd using measurements of ozone, NOz,NO
CO, meteorological data, ten non-methane hydrocerifsection 2.2)Jnoz andJozso1p (Section
2.3). The code was set to correct all modeled pysitofrequencies according to thg,, structure

in order to account for the effect of clouds.

The model was run from 1 January to 30 April 2020L0-minute time steps. Model runs were
performed at EMA in a system that has a Core itgssor with 32 GB of RAM memory and a
MATLAB license owned by USFQ. The following quargg from the model output were used in
analyses: radical abundance (OH, 4#CGand RQ), concentrations of secondary species
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(formaldehyde and HONO), corresponding reactiorffabents, and frequencies of photolysis. A
complete description of model output can be fousdvwehere (Wolfe, 2020).

2.5 Radical and ozone production rates

The chemical production of HOadicals, p(HG), was obtained considering the main mechanisms
for the production of OH and HQnamely ozone photolysis followed by reaction ¢t with
water vapor (Levy, 1971), HONO photolysis, and faldehyde photolysis (Dusanter et al., 2009;
Ren et al, 2013). To this end, we used measurenoérizone and water vapor as well as model
output concentrations of HONO, formaldehyde, arairthhotolysis frequencies. Consequently, Eq.
4 was used to calculate p(R)Qas in previous work (Thornton et al, 2002; Réeal., 2013).

P(HO) = 2Joz-010)[O3][ Ko@)+ H2o[H 20/ (Koip)+ Hz2o[H 20]+Ko@oy+ m[M])]
+ 2hicHo[HCHO] + Jhono[HONO] Eq. 4

Ozone production rates were calculated using Eq.olthis end, we used model output radical
abundances (HOand RQ) and rate coefficients as well as station measenesnof NO. For
comparisons, we filtered data within similar rangssJvo; as cloudiness and precipitation
substantially increased from January to April. Aadission is included in the results section.

Ozone production regimes were evaluated by lookmg the magnitude of precursor losses to
nitric acid (L1, Eqg. 2) and hydrogen peroxide (E2,. 3). Thus, the ratio L1/(L1+L2) was evaluated
and discussed in light of previous work (Kleinmamle 2001; Ren et al., 2013).

2.6. Test simulation with reduced N@

Ozone production rates, calculated with the aboxecquure, were also determined for the
hypothetical case that NQevels stayed low, while CO and VOCs were thosenaimal pre-
lockdown conditions. This estimation was done srdss more extensively potential scenarios that
could lead to a more permanent shift in the chelmégime of ozone production in Quito. This test
was done with NQ ozone, and meteorological data from 14 MarchgalAbut mimicking CO and
VOCs levels from before the quarantine. Thus, tie d@d VOCs levels from 14 March to April
were multiplied by a factor of 1.86 to perform tkimulation. A discussion is included in the result
section.

3. Results and discussion
3.1 Air quality observations

Under typical conditions, the study area is cham@d by intense traffic, mainly during weekdays
and in months when school and college classesctire aAt USFQ, the spring semester runs from
the second week of January to early May, whilesadasn the national school system (for provinces
in the Ecuadorian highlands) extend up to July.sTlhush hour emissions from private vehicles and
public transportation, that become well mixed ie thoundary layer, are evident in air quality
measurements. NO and MObservations taken at EMA USFQ before and afterldckdown are
presented in Fig. 2a and b (the SM, Appendix S§, $ contains time series).

As presented, morning rush hour levels of NO apgroB00 ppbv (10-minute data). The local
legislation does not impose N@mission controls on vehicle exhausts, which emplaush hour
NO levels of the magnitudes depicted in Fig. 2adidition, boundary layer depths during morning
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rush hours are shallow (below 500 m from 07:00-08:@s calculated from station measurements
(Cazorla and Juncosa, 2018) (SM, Appendix S6, Big). This physical factor contributes to
concentrating primary emissions near the grountthénmorning. Under quarantine conditions, NO
maxima plummeted by a factor of five from mid-Maiako April. In mid-March the reduction was
greater, but in April permits were implemented twlivery vehicles and medical emergencies,
which somewhat increased the traffic flow.

In regard to carbon monoxide (Fig. 3), average gharafter the initiation of the lockdown period
are evident as levels dropped by a factor of 1fi@8n(about 973 to 523.5 ppbv in the morning rush
hour). It is important to remark that CO was notasweed at EMA station, which is a limitation.
However, CO levels are similar across differentiateg managed by the local network as presented
in their annual reports (Secretaria de Ambient&820Therefore, it is reasonable to assume that an
average within Quito yields a good estimate of m€#n levels before and after the COVID-19
lockdown. Figure 3 also contains average levelfofbeand after the lockdown) of propene, one of
the ten VOCs derived from VOC/CO ratios. Previousrkvdemonstrates the high correlation of
traffic-related VOCs with CO, in particular at higiltitude, where elevation plays a role at
increasing VOCs emissions (Bon et al., 2011; Nagptral., 2011; Fang et al., 2019). Hence,
estimating VOCs levels with observed factors fromother high elevation Latin American city is
suitable for the present case. In addition, pandenduced mobility restrictions marked a clear
difference between levels of traffic-related compads that also make reasonable scaling VOCs to
CO. Consequently, Fig. 3 shows that propene droppegiortionally along with CO. The SM (Fig
S3) contains data of all VOCs derived for this work

While primary precursors decreased considerablgr &f8 March, the day school closures were
issued, and stayed low into April, ozone levels wad experience evident changes. Fig. 4 shows
that 10-minute maxima peaked at 45-50 ppbv fronudanto April 2020. From diurnal variations,
average peak ozone before and after 13 March wast &3 ppbv. Daily data (SM, Appendix 7,
Fig. S7.1) shows that noontime maxima in Januamgwa@ver, on average, than levels in February
and March, even though it was the sunniest montkheftrimester. Also, titration with NO at
around 06:00 (local time) was reduced during therautine due to reduced morning rush hour NO.
A more dramatic comparison is average ozone inalgnand April, which are comparable (SM,
Fig. S7.2), even though April was considerably mo@udy and had more precipitation. Thus,
guestions arise in regard to levels of ozone framudry to April in connection with the drastic
reduction in emission precursors after 13 Marche&planation based on photochemistry follows.

3.2 Meteorological influence on photolysis

Photolysis reactions in the atmosphere directlyeddpmpn the amount of solar radiation available for
the dissociation of molecules (Seinfeld and Par€6). In particular, ozone formation is highly
sensitive to N@photolysis. Likewise, HQradicals are formed due to photolysis of ozoneathdr
important species in the urban atmosphere, su¢hC¢O and formaldehyde. In the present case,
the pandemic lockdown took place during months seatsonally transitioned from sunny skies in
January into more cloudy conditions with increageecipitation in April. This changing
meteorological conditions resulted in variabilitf Jao, diurnal profiles across the months, before
and after the lockdown, as depicted in Fig. 5a.sThefore the quarantine, January was consistently
sunny, which led tano, maxima at noon, while the first half of March hswhny mornings but
cloudy afternoons. The second half of March was gamable to February in terms of noontime
Jnoz, but April was mostly cloudy. In order to companteotochemical quantities before and after
the lockdown in a way that the effect of precurszas be assessed, while keeping physical factors
constant, we used data that corresponds to sumitmms in the entire time series (the complete
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data set was treated equally, details of dataifigein the SM, Appendix 8, Fig. S8). Hence, mean
Jnoz profiles from January to 13 March and from 14 NMwato April, that correspond to sunny
conditions, are presented in Fig. 5b. Therefordiced abundance and ozone production rates are
discussed in terms of equal conditions)@.

3.3 Radical abundance and production

Average OH radical abundance under sunny condifiotise periods before and after the COVID-
19 lockdown are depicted as diurnal profiles in. lBig. Under post-lockdown conditions (14 March
to April), OH radicals began to rise as early as3Wrand remained higher than under regular traffic
conditions throughout the day. In the morning, kesta 08:30-11:30, OH ranged from 0.07-0.55
pptv before 14 March, while afterwards it rose 1330.68 pptv. This feature is not due to physical
reasons because solar radiation conditions areidteptical. Hence, additional radical abundance is
due to atmospheric chemistry as the chemical depledf radicals due to high NOlevels
decreased during the lockdown, in particular in h@ning rush hour (this feature is explained
further below with magnitudes of radical loss). éwkise, the abundance of hydroperoxy and
organic peroxy radicals (HCGand RQ) increased (Fig. 6b and c) during the lockdowmifra sum

of 24 to 39 pptv at noon, on average. As in theviptes case, this is a chemical effect of OH
reacting with VOCs under reduced NEGonditions as opposed to radicals being deplejelhrige
amounts of NQ (Seinfeld and Pandis, 2006; Ren et al., 2013)thEéamore, cycling between HO
and OH was faster during the lockdown throughoatdhay as given by HZDH ratios in Fig. 7a.
The test simulation with pre-lockdown levels of V®@énd post-lockdown (reduced) levels of NO
shows that in the absence of elevatedx,NOH is comparable to observed post-lockdown
conditions, but at midday cycling between H&nd OH has the potential to almost triple with
regard to regular traffic conditions (Fig. 7a). Rbis reason, in the test simulation noontime
abundance of OH is lower, but H@nd RQ abundances are substantially higher.

Radicals presented in Fig. 6 come from the mainwknsources of OH and HGn the urban
atmosphere: ozone photolysis followed by reactidnO¢'D) with water vapor as well as
formaldehyde and HONO photolysis (Dusanter et24lQ9; Ren et al., 2013). The first source was
calculated with the first term of Eq. 4 and is aépd with a blue line in all panels in Fig. 8. Wate
vapor, ozone, and solar radiation were similar keetnd after the lockdown for which this source
of OH radicals was about constant with peak vahfe.4-0.45 pptv $ for the study time period
(including the reduced-NQest) (Fig. 8a to c).

Formaldehyde photolysis is a major source of hydroyxy radicals in the urban atmosphere
(complete reactions can be found in Seinfeld amtiBa2006). Formaldehyde is formed along the
oxidation chain, when VOCs react with OH. In thegant case, we used the formaldehyde model
output (SM, Appendix 9, Fig. S9) and its corresppgdmodelJycho in order to calculate this
contribution to p(HQ) (second term of Eq. 4, depicted by the red dditedin all panels in Fig. 8).
During the study time period, formaldehyde photislywas more important after the lockdown,
mainly in the morning. Thus, magnitudes were 1.8 ar6 times higher at 09:00 and 10:00,
respectively (the SM, Appendix 10, Fig S10 showwesi in Fig. 8 overlapped by contribution). At
noon, this source of radicals was about 0.3 pptthsoughout the study time period as NO before
the lockdown decreased after the morning rush hwhite during the lockdown stayed low (Fig. 2).
The test simulation with pre-lockdown levels of V®ut reduced (post-lockdown) levels of NO
(Fig. 8c) further backs this chemical result ashetolysis of formaldehyde became as important
as ozone photolysis in regard to producinggH&licals. These results are consistent with pusvio
work that shows how in urban environments (for egl@mn Mexico City) the contribution of
formaldehyde photolysis accounts for up to 40% @, Hadicals (Shirley et al., 2006). In the
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present case, we estimate that this source coteslwith about 34% to the total radical production
rate.

HONO photolysis is also a significant source oficats, mainly in the morning during the traffic
rush hour, as demonstrated by former studies (Resa&t al. 2009; Ren et al., 2013). As in the
previous case, this contribution was calculatedh whe third term of Eg. 4 and using the MCM
model output for HONO (SM, Fig. S9) addono. This contribution was 1.4 times higher before
the lockdown as rush-hour N@vas five times higher. The test done with redueséls of NQ is
consistent, as this contribution was comparabfeoti-lockdown conditions.

In this study we rely in the robustness of obséowabased methods to find estimates of radical
production rates from the first source '®H,0), while the other two sources come from
modeling. Hence, from propagation of error, weraate that uncertainty (&) in the first source is
32% (considering uncertainties asz>01p as well as in ozone and water vapor measurements
reported in the methods section). For radical pctido due to formaldehyde and HONO photolysis
(as well as for radical abundance), at the momentassume model uncertainty reported in the
literature (i.e., Brune et al., 2019) of 35%. Likeey we estimate that uncertainty in other
photochemical quantities (radical abundance ande@zwoduction) is similar, but in the future
these estimations need to be re-checked as meamserof physical and chemical quantities
become available in the study area.

3.4 Ozone production rates and regimes

The mean diurnal variation of ozone productiongdtefore and after the lockdown are depicted in
Fig. 7b. During the quarantine, ozone productidegat 08:30-10:30 increased from previous 4.2-
17 to 9.7-23 ppbv'h These results are consistent with the formeri@edn the sense that under
regular traffic conditions high morning NQevels constrain ozone production due to a lack of
sufficient radicals to react with NO and producere Quarantine conditions induced a chemical
shift that led to increased availability of H@nd RQ radicals that combined with reduced morning
NOy led to higher ozone production rates. Radical abood being at the core of the observed shift
in regimes of ozone production can be assesseddiynly into the magnitude of paths for radical
losses to nitric acid (L1) and to hydrogen peroxXid2). Fig. 9 depicts the ratio of L1 to the total
loss L1+L2. When the radical loss to hydrogen pel®xs as important as the radical loss to nitric
acid, the ratio becomes 0.5. A ratio much gredtan 0.5 has been shown to indicate a VOC-limited
(NOy-saturated) regime (Kleinman et al., 2001; Kleinm2@05; Ren et. al., 2013). As presented,
L2 was more significant under quarantine conditjomsile this term had little effect from January
to 13 March. Consequently, the time period fromuday to the first half of March was strongly
NOy-saturated. In contrast, after 13 March, losseshydrogen peroxide were of increasing
importance, which confirms a shift in the chemieaime of ozone production. The test calculation
done with reduced NQat post-lockdown levels, but mimicking pre-lockdoWOCs, pushed even
further this shift towards the N&dimited zone as ozone production tripled in thelmorning (Fig.
7b) and stayed high, while L1/(L1+L2) became evandr (Fig. 9). The SM (Appendix 11, Fig.
S11) shows individual magnitudes of L1 and L2 fibcases.

The dependence of pgowith NO, before and after the lockdown, as wallfar the reduced NO
scenario, is depicted in Fig. 10 with indicationpgHO,) magnitudes. As presented, under regular
conditions ozone production is strongly suppress®ter a NQ-saturated regime (Fig. 10a). In this
regime, p(Q) decreases with increasing NO, whose levels appr@0 ppbv. After 13 March (Fig.
10b), the drop in NO emissions augmented the ratzone production, which steadily grows at
low NO and at the higher p(HPrange, and then decreases as NO continues teas&r With



445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494

reduced NO, but “normal” VOCs, this same dependeymurs (Fig. 10c), although at higher
magnitudes of p(6) that reached values higher than 40 ppBv(h0-minute data). In all cases,
p(Gs) is higher at higher levels of p(H0and at the low NO boundary. A transition in tlegime
occurs at 2-3 ppbv of NO, when pfjQlecreases (describing a curve) with increasing(N@. 10b
and c). This final analysis is consistent with seshiwork on ozone production (Thornton et. al.,
2012) that demonstrates the high non-linearity mén@ production rates with NO when data is
sorted by p(HQ) levels.

3.5 Final remarks

In spite of limitations and uncertainties, the abogsults point towards relevant aspects in regard
photochemical regimes of ozone production in Quiitcconnection to air quality. First, ozone
production rates under typical conditions of ineeiaffic and solar radiation are constrained by
high NQ levels. For example, 10-18 January was a warmsamay time period with abundant
traffic emissions, but ozone levels were the lovedéghe trimester (maxima at about 30 ppbv, SM,
Fig. S7.1). Ambient ozone is the result of seveaaltributions in a mass balance, namely chemical
production and loss, dry and wet deposition, amizbotal advection. Although further modeling is
needed to unveil the contribution of advection,ertations indicate that average ozone production
rates reported in this work, under the meteorolmgionditions from January to mid-March, do not
lead to ambient ozone accumulation. Furthermore, gresence of traffic emissions poses the
guestion of the chemical fate of precursors in @sliambient air. Future work needs to focus on
qguantifying other fractions of photochemical smogtsas peroxyacetyl nitrate (PAN), nitric acid,
and nitrate particles in Quito.

A second important lesson is that a reversal irssimi precursors in Quito is capable of shifting
the chemical regime to the N@mited zone, which results in higher ozone prdadirc rates.
Quarantine conditions, a current reality and ora tould repeat itself in the near future, supply
higher ozone production rates. Average morning magdes, that doubled those before the
guarantine, were capable of sustaining the sanmeslef ozone in Quito, even in months that are
seasonally cloudier and with more abundant preatipit. Thus, meteorological conditions played a
role in the ozone mass balance providing less sdagg and cleaning the atmosphere through wet
deposition. However, if confinement orders tooleeffin the hot and dry summer months of August
and September, higher ozone production rates at Ny levels could contribute to the
accumulation of ozone in the boundary layer, irtipalar under conditions of stagnant air. This is a
realistic scenario that needs to be watched clasaiier the current reality of a pandemic that poses
the need of periodical quarantines to control firead of the disease.

Thirdly, results obtained from calculations withveesed levels of precursors shed light to

investigating the chemical reasons that underive dédserved episodes of high ozone in Quito.

These events have been associated to wildfireeef@mple on 1 October 2018), as it was recently
presented in a preliminary study (Cadena et all920However, the true chemical nature of such
events needs yet to be scrutinized through stuttias involve measurements and modeling.

Although the complex effect of advection of air @& from biomass burning regions is beyond the
scope of this work, it is important to documentt ttiee current study advances the topic of potential
scenarios that cause a shift in the chemical regihezone production due to drastic changes in the
proportion of organic compounds with respect to,NO

Finally, a situation that could potentially causereased ozone is the hypothetical case thgt NO
emission controls in vehicles were to be imposadhSscenario would cause a shift of the sort
mimicked by the reduced-NQ@alculation, in which normal levels or organic qgmunds combined
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with permanently low NQlead to higher ozone production rates. This séemanphasizes on the
fact that environmental practices, that have tavith emission controls, need to carefully take into
account that the regime of ozone production depamdshe local makeup of pollutants in the
ambient air and is non-linear with respect to preculevels.

Even though intensive work that incorporates mesament campaigns to constrain chemical and
transport models still needs to be developed, thsgmt contribution points out for the first tinze t
specific conditions and identifies practical scammrunder which the chemical regime shifts
towards higher rates of ozone production.

4. Conclusions

The COVID-19 mobility restrictions and lockdownathnitiated with school closures on 13 March
in Quito (Ecuador), marked a shift in primary enoss that was used to reveal the chemical nature
of ozone production under regular conditions ad a®lunder reduced levels of precursors. First,
low ozone production rates, in spite of abundabanremissions and equatorial solar radiation, are
the rule as radicals are quickly depleted by losshanisms of the type NEHOy. Results indicate
that, under normal traffic conditions, radical ldss nitric acid dominates, in particular in the
morning rush hour, when NO spikes (10-minute dapproach 100 ppbv. In contrast, post-
lockdown NQ levels decreased by a factor of five during dagtifhhis shift led to less radical
losses to nitric acid, while the loss to hydrogenogide became increasingly important. Thus, the
abundance of HPand RQ increased from a total of 4.2 pptv in the mid-miognbefore the
lockdown to 16.1 pptv during the quarantine, whatenoon it increased from previous 23.6 to 39
pptv. Consistently, OH in the morning at 08:30-10iBcreased from 0.07-0.37 pptv before the
lockdown to 0.23-0.61 pptv afterwards, while p(Gncreased from 4.2-17 to 9.7-23 ppb¥, h
respectively. From observations, magnitudes oflpckeown ozone production rates factored with
dilution within the boundary layer and advectiompkn generally low ambient ozone in Quito, but
further work needs to be developed to better utaedstransport effects. As per ozone production
during the lockdown, there was seasonally moredif@ss and precipitation during mid-March and
April, which helped clean the atmosphere throughdeposition. Hence, meteorological conditions
were favorable at preventing ozone accumulatiomduthis period. However, if a quarantine were
to take effect during the warmer summer months afust to mid-September, especially if
conditions of stagnant air and temporary droughtebtg, increased rates of ozone production
would pose a threat of accumulation in the ambantTo test further the effect of a shift in
emissions that could lead to even higher ozoneymtazh rates, a simulation with post-lockdown
NOx levels, but pre-lockdown VOCs and sunny conditigiesdded a total of 52 pptv of HCand
RO, at noon and p(§) of 33 ppbv i, on average (higher than 40 ppbV &s 10-minute data). A
scenario that would cause a permanent shift towtrdgegime would be if NOQemission controls
on vehicle exhausts, currently not applied, werddoenforced. Although such scenario is not a
current risk, from a scientific and academic stamialpit is prudent to remark that such situation
would have an impact on air quality as it would se@w@ shift in the chemical regime towards
producing ozone at higher rates. In spite of mamytdtions, the change in emissions due to the
COVID-19 lockdown was substantial enough to rewedical information in regard of precursor
levels that cause a shift in the regime of ozonedgpction. This contribution advances our
understanding of the underlying chemistry of phb&ical smog in Quito, Ecuador.
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Fig. 1.a) Location the Atmospheric Measurement Station (EEpanish acronym) at USFQ
relative to Quito (red balloon). Blue dots markdtions of three stations managed by Quito’s air
quality network (Cotocollao, Belisario and Los @sl), whose CO data where averag®dQuito

location relative to Ecuador. Maps were extractechfGoogle Earth.
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Fig. 2.a) NO measured at EMA USFQ before (green crossg®lae line) and after (gray dots and

red line) the COVID-19 lockdown. b) The same, mrtNO,. Crosses and dots are 10-minute data
and lines are median diurnal variations (MDV). Babefore and after the lockdown were Jan-13
March and 14 March-April, respectively.
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Fig. 3.Mean dirunal variation of CO (blue) andH (propene, red) before (solid lines) and after
(dashed lines) the COVID-19 lockdown (Jan-13 Matd 14 March-April, respectively). CO is
the average from three City stations. Propene waseatl by scaling CO (for other VOCs see
Appendix S3).
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Fig. 4. Ozone measured at EMA USFQ a) before and b) tige€OVID-19 lockdown (Jan-13
March and 14 March-April, respectively). Crosses Hd-minute data and solid lines are MDVs.
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Fig. 5.a) Juoz mean diurnal variation for January (dotted gr&ghruary (dashed blue), 1-13

March (light blue and diamonds), 14-31 March (dalstesl), and April (dashed green and sthy)s.
MeanJno, under sunny conditions before (Jan-13 March, bhe and after (14 March-April, red
line) the COVID-19 lockdown.
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Fig. 6. Mean diurnal variations fa) OH, b) HO,, andc) RO, before (January-13 March, blue line)
and after (14 March -April, red line) the COVID-I&zkdown. The green line corresponds to the
reduced-NQ simulation with post-lockdown NQevels and pre-lockdown VOCs.
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Fig. 7.a) HO,/OH ratio andb) p(Os) before and after the lockdown. The blue linéhiss nean
diurnal variation for each quantity for Januaryd-March (pre-lockdown), red corresponds to 14
March - April (post-lockdown), and the green lisethe test simulation with reduced-N({ost-
lockdown levels) and pre-lockdown VOCs.
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Fig. 8. Total radical production, p(HQ (black dashed line) and individual contributidns
photoloysis of ozone followed by the reaction dbQwith water vapor (blue line), formaldehyde
photolysis (red dotted line), and HONO photolygigeén line) for a) January-13 March (pre-
lockdown), b) 14 March -April (post-lockdown), anfiTest simulation with reduced-NQpost-
lockdown levels) and pre-lockdown VOCs levels.
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*  NOy levels dropped by a factor of five after mobility restrictions.
» Thechemica regime of ozone production shifted from NOy-saturated to NOy-limited.
» Ozone production rates increased in the mid-morning after mobility restrictions.
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