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Abstract

Lockdown measures during COVID-19 pandemic have supposed a drastic drop
of antropoghenic emissions. This exceptional situation provided the opportunity
assess a unique large-scale experiment in terms of air quality. The aim of this
project is to evaluate the effect of these emission reductions using data given by
the WRF-Chem model and compare data observed during the different stages of
lockdown (from March 1% of 2020 to April 10" of 2020): pre-covid stage, lockdown
stage and full-lockdown stage. To do so, we study five pollutants, PMig and O3 as
principal targets of the study and NO, NOg and CO for their role in the chemical
production of ozone, computing their time evolution during the whole period and
the aggregated daily profile in each stage. We see that the model underestimates the
concentrations of the primary pollutants (PMyp, NO and NO;) while overestimating
ozone levels (a secondary pollutant), compared to observational data. In the same
way, the variations in pollutant concentration are underestimated for all the studied
air pollutants. Model results show variations of +1.84% (PMjg), +1.81% (Os3), -
12.53% (NO2) and -15.87% (NO). On the other hand, respective observed variations
are quite larger: -27% (PMyg), +28.8% (O3) and -47.0% (NO3) E| Results for CO
show an anomalous behaviour of the concentration of the air pollutant that would
require a deeper analysis beyond the scope of this project. So, even though it is not
taken into account in our overall analysis, we perform a brief individual discussion
on its results.

'Results presented in [5]. The study does not present data for NO.
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1 Introduction

On March 2020, the World Health Organization (WHO) declared the COVID-19 pan-
demic which global-scaled impact consisted on more than 100 million infections and more
than 2 million deceases by January the 20'" of 2021 [I]. In order to mitigate its effects
national governments imposed lockdown measures consisting basically on mobility restric-
tions. It has been estimated that retail and recreational mobility have drop drastically
in Spain, reaching 80% reductions in traffic zones in Barcelona [2].

This exceptional situation allowed the evaluation of the effects of massive road traffic
reduction in a large scale experiment. In fact, current results on this matter show that
pollutant concentrations have decreased in the in cities around the world where lockdown
measures were adopted. An study comparing PM, 5 levels before and after the start
of lockdown, point to an average reduction of 12% among the 50 most polluted cities
in the world [3]. Besides, an air quality improvement has been seen in India during
the lockdown period respect to the same dates of previous years. Indian cities recorded
decreases in PMa 5 (-43%), PMyg (-31%), NO;y (-18%) and CO (-10%). However, a 17%
increase in ozone levels was also recorded [4]. Similar behaviors occur in Barcelona, where
reductions reaching about -50% for NO,, -31% for PM, and -45% for black carbon beside
a remarkable +57% increase in ozone concentration were computed [5].

So, as a general trend, the lockdown restrictions result in a decrease of primary pollutants
like PMs, NOy and CO (directly emitted), but also with an increase of ozone, which is
not directly emitted but created in the atmosphere by a complex photo-chemical process.
This unexpected ozone pollution is discussed in [6]. All in all, the presented results show
a positive view to the situation showing an improvement in air quality and helping us in
the design of efficient air quality policies.

Bad air quality is a public health problem around the world. According to WHO es-
timations, long term exposure to highly polluted air is responsible for more than 4.2
million premature deaths as well as for the developing of respiratory and cardiovascular
diseases [7]. Moreover, recent studies indicate that poor air quality conditions can worsen
COVID-19 effects ([8], [9]) Also, it has been speculated on how pollution can enhance the
pandemic spreading hypothesizing the possibility that SARS-CoV-2 RNA could be at-
tached to PMs 5 particles [10]. Air quality studies can be complemented with atmosphere
dispersion models as it is done in [4] using the Air Quality Dispersion Modelling System
(AERMOD) [II]. Such models simulate how pollutants disperse in the atmosphere by
implementing its ruling transport equations. The usage of dispersion modeling allow to
estimate and predict pollutant concentrations in a region enriching air quality assess-
ment. It exists a vast collection of dispersion models. Most of them can simulate the
transport of any pollutant or particle like AERMOD [I1] or CHIMERE [I2] models. In
addition, there are more specific models such as BSC-DREAMS8b [I3], which is used pri-
mary for dust daily forecasting, or the EMEP/MSC-W model concerned with ozone and
particulate matter at European regional scale [14]. This models usually couple with the
WRF model (Weather Forecasting Model) (WRF-AERMOD, WRF-CHIMERE). Doing
so, pollution transport simulations can be performed simultaneously with meteorological
predictions.

In this project we work with atmospheric data simulated by the WRF-Chem model.
WRF-Chem combines the Weather Forecasting Model with its Chemistry (Chem) exten-
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sion which enables atmosphere chemical analysis. So, WRF-Chem can be used as an air
quality model, despite its usage scope is larger [15].

The URBAG group has designed two runs of the model in the scope of an ongoing project.
On one hand we find the BAU simulation accounting for a business as usual situation.
On the other hand, the COVID simulation is designed taking into account the emission
reductions recorded during lockdown periods. Then, the objective of this work is to
quantify the changes in air quality using simulated data. In addition, this study assesses
the performance of the model comparing its predictions with 2020 observational data.

This analysis is performed in the city of Barcelona for the first lockdown weeks (from the
16 March to the 10™ April of 2020) and we include also data of the two previous weeks
to evaluate the model. It is important to state that we do not aim to present a complete
overview on air quality changes, but we focus principally on two pollutants, PM;o and
O3, which are two of the most concerning pollutants in Barcelona [16].

This document is organized in six sections. Firstly, we present the Metropolitan Area of
Barcelona (AMB) along with an overview of the air quality conditions in the past few
years (Section [2)). Secondly, the characteristics and health effects of the chosen pollutants
are explained. Then, we explain the followed methodology of our work (Section . Next,
the results are presented distributed in two sections. We present first the evaluation of the
model (Section [5) followed by the results of our work with their discussions (Section [f]).
Finally, we include some conclusions on our study and further steps proposals (Section

7).

2 Air Quality in the AMB

The Metropolitan Area of Barcelona, or more commonly AMB for its acronym in Cata-
lan (Area Metropolitana de Barcelona), is the aggregation of towns and cities surround-
ing Barcelona that in territorial, social, demographic, economic, cultural terms mean
a metropolitan unit. The AMB is organized as a public administration constituted by
thirty-six town councils that take up over 636 km? [I7].

The economic activity of the city of Barcelona, based on commerce and tourism, causes
an important movement of people and goods within the AMB and out of it. Due to this
fact, both the port and airport of Barcelona have a high flow of operations, making them
two of the most active stations in the Mediterranean. In addition, the AMB has a road
system capable of absorbing the current traffic intensity:.

All in all, the traffic volume in the AMB harms air quality, being the most predominant
source of primary pollutant emissions. Traffic emissions mean the 85% of PM;, emissions
and almost the 60% of NO,, emissions [18§].

The exposition to bad air quality conditions makes pollution one of the main problems
in terms of public health in Barcelona and its whole Metropolitan Area. According to
the Air Quality Report of 2019 [19], it is estimated that the high levels of atmospheric
pollution are the cause of the 7% of natural deaths, the 11% of new lung cancer cases,
and also, the cause of the 33% of new childish asthma. Furthermore, beyond respiratory
difficulties, other adverse effects caused by poor air quality include cardiovascular diseases
and detrimental issues in baby development during pregnancy.
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2.1 Air Quality measuring

In the last years, the World Health Organization (WHO) has developed a quantitative
system to evaluate air quality and assess the impact of pollution on health [20]. In 2005,
the WHO presented the guideline concentration levels of the principal air pollutants.
These concentrations define a maximum threshold for chronic exposure to a pollutant
[21].

Most pollutants have a short-term threshold, like a daily or hourly maximum, and a
long-term one. The second, which is lower, indicate the risk level for persistent exposures
in time. The WHO guidelines for the principal pollutants are listed below.

e Coarse particulate matterﬂ (PM;p):
Annual mean: 20 ug/m3.

24 - h mean: 50 ug/m3.

Fine particulate matter (PMs5):
Annual mean: 10 ug/m3.

24 - h mean: 25 ug/m?.

Ozone (O3):
8h - mean: 100 pg/m3.

Nitrogen dioxide (NOy):
Annual mean: 40 pg/m?.

1h - mean: 200 pg/m3.

Carbon monoxide (CO):
8h - mean maximum: 10 mg/m3.

1h - maximum: 30 pg/m?.

Sulfur dioxide (SO»):
24h - mean: 20 pg/m3.
10 minute - mean: 500 pug/m?.

In Catalonia, Air Pollution Monitoring and Forecasting Network or XVPCA for its
acronym in Catalan (Xarza de Vigilancia i Prediccio de Contaminacio Atmosferica),
is the network associated with the Catalan Government responsible for measuring the
pollution concentrations all over the territory. To do so, it has a deployment of measur-
ing stations strategically positioned in the most troubling points in terms of air quality.
Among these, stands out the city of Barcelona and, to a greater extension, the whole

AMB.

The Public Health Agency of Barcelona, or ASPB for its acronym in Catalan (Agéncia
de Salut Publica de Barcelona), which is the institution responsible for the evaluation

2A more detailed explanation on particulate matter and its types is presented in Section
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of air quality in Barcelona among other issues, present yearly reports on this matter.
Recent reports ([16], [19]) show how the WHO guideline levels exceeded in most traffic
stations for NOy, PM1g, PMs 5 and O3. We present a more detailed definition of the type
of stations in Section [4] Briefly, a traffic station is a pollution measurement station set
in a spot where traffic is the principal emission source.

Table [Ifshows the number of times the WHO thresholds exceeded in Barcelona, according
to the previously mentioned reports. In the mentioned tables, Fxceeded means that the
WHO guideline value has been exceeded at least at one of the stations. Not ezxceeded, on
the other hand, is used when the threshold value has not exceeded in any station ([16],

[19])-

\ Traffic stations \ Background stations

NO, year average

Exceeded (2)

Not exceeded

PM;q year average

Exceeded (3)

Exceeded (5)

PM; 5 year averge

Exceeded (3)

Exceeded (4)

O3 8 - hour maximum

Exceeded (2)

Exceeded (3)

CO 8 - hour maximum

Not exceeded

Not exceeded

CO hourly maximum

Not exceeded

Not exceeded

SO, daily maximum

Not exceeded

Not exceeded

Table 1: WHO thresholds that were exceeded in 2018 and 2019 (ASPB). In parenthesis
the number of stations that registered pollution overcoming. Data extracted from [16]
and [19].

As seen in Table[l]for particulate matter and ozone, the WHO thresholds exceeded in both
traffic and background stations in 2018 and 2019. Also, the annual average concentration
of NO;, exceeded in both years. These results show that in business as usual condition
Barcelona has a severe problem with pollution.

2.2  Air Quality during COVID-19 period

The outbreak of COVID-19 at the start of the year 2020 had a significant impact on the
atmosphere situation and specifically on air quality [5]. The lockdown measures imposed
by national governments that implied severe mobility restrictions resulted in a remarkable
reduction of emissions. And, to a greater extend, an improvement in air quality. The city
of Barcelona was no exception. In fact, he measures adopted by the Spanish National
Government are found among the most strict in Europe ([22], [23]).

Data from the XPVCA in the ASPB yearly report point to a concentration decrease for
all principal pollutants attributable to lockdown restrictions. When comparing to pre-
COVID period levels, during the strictest lockdown period there are reductions of 43%
for NO,, 21% for PMyy, and 24% for PMy 5 [24]. Moreover, according to assessments of
the ASPB, the exposure of the population to NOy, and PM; 5 has reduced by 28% and
23%, respectively.

As a result of these emission reductions, the concentration of NOy has remained under the
threshold set by the WHO. [21] However, despite the air quality improvement, the WHO
guideline levels were still exceeded for PM;, in 3 traffic and 5 background stations, for
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PM, 5 in 3 traffic and 4 background stations and for ozone in 2 and 3 stations, traffic and
background respectively. it has not been achieved to reduce the PMs and O3 pollution
levels to WHO guideline levels. For both pollutants, these thresholds exceeded in Even
though, these excesses were lighter than in past years ([16], [19], [24]).

3 Air pollutants and their sources

In this project we focus our work in the analysis of coarse particulate matter (PM;jg)
and ozone (Ogz). This choice is based on two main reasons. On the one hand, the effect
of COVID lockdown on the concentration levels of these two pollutants has not been
already deeply discussed in the city of Barcelona, where there is an actual pollution
problem related to them. At least, at the time this project was proposed. This is not the
case of NOy, for which we can find such analysis in the literature, [25].

On the other hand, in order to get a more complete assessment of the performance of the
model designed by URBAG, we study a primary pollutant as it is PMjy and a secondary
pollutant like Og.

The term primary pollutant is referred to a pollutant that is directly emitted by some
source like road traffic. A secondary pollutant on the contrary is a pollutant agent that
is formed in the atmosphere as a result of a chemical procedure, usually triggered and
derived from an excess of primary pollutants.

3.1 Coarse Particulate Matter, PM;

The general term particulate matter (PM) refers to an ensemble of aerosols of different
composition, distribution, size, toxicity and origin. These particles can be found in solid,
liquid or solid and liquid state [26]. The classification of particulate matter is based
on the aerodynamic properties of the particles. Such properties are collected in the
aerodynamic diameter that is defined as the diameter of a unit-density sphere with the
same aerodynamic properties [21].

Nowadays, the WHO distinguishes between two PM pollutant agents depending on
their aerodynamic size. The fine particulate matter or PMy 5, particles with a diame-
ter < 2.5um. And coarse particulate matter or PM;q that includes particles with an
aerodynamic diameter between 2.5 um and 10 pm [21]. We do not include PMy.5 in our
study because it is only monitored by two XVPCA stations in the whole Catalan territory,
preventing us from having a rich statistical analysis of its behaviour [27]

The composition of these particles is heterogeneous and depends on the studied geo-
graphic area nature and the antropogenic emission sources in the region ([28], [29], [30]).
In the city of Barcelona, the PMq is caused virtually even by traffic emission, industrial
emissions and crustal dust [26]. This last pollution source includes dust coming from
erosion and particles lifted in suspension by road traffic. Therefore, it can be said that
such dust is an indirect effect of traffic.
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3.2 Ozone, O3

Ozone is a gas known for constituting a layer around the planet that protects the surface
from harmful solar radiation. However, its excessive concentration in the troposphere, the
lowest layer in the atmosphere, has also harmful effects on human health, the environment
and it affects climate change. The same absorbent property that makes it essential for life
on Earth, turns Oz in a greenhouse gas when it is present in the troposphere. Moreover, its
oxidant nature has a severe impact on the environment harming vegetation and affecting
stages of the water cycle like the evaporation rates and cloud formation [31].

Beside these environmental impacts, high ozone concentrations constitute an urban smog
which is detrimental for human health. Long term exposures to such Oj levels can
originate respiratory problems like asthma and lung diseases [32].

Studies from the EEA (European Environment Agency) conclude that the Mediterranean
basin is the most affected region by ozone in Europe. The combination of anticyclonic and
warm weather conditions, the high pollutant emissions in the region and the dynamics of
air masses caused by orographic feature favor the accumulation, stagnation and creation
of ozone [33]

Ozone chemistry

As we said, tropospheric ozone is a secondary pollutant, meaning that it is not directly
emitted by natural or antropoghenic sources. In our case, ozone is the product of a photo-
chemical reaction that occurs in the atmosphere that includes, among others, primary
pollutants like NO, NOs, CO or VOCs, that stands for Volatile Organic Compounds,
short-lived radicals as RO2, OH or HO5 and compounds derived from carbon [34]. An
schematic representation of the chemical reactions involved in the formation of ozone is
shown in Figure In general terms we can say that the oxidation of CO and more

VOC + OH + O, ® RO, +H,0
RO, + NO + O, ® NO,+HO,+ CARB
HO, + NO ® NO,+ OH

2(NO, + hv +O5 « NO +03)

(NOX + OH +) VOC + 40, ® 203+ CARB + H50 (+ NOx + OH)

Figure 1: Simplified photo-chemistry of ozone (Figure from EEA 1998 report [35]). RO,
OH and HO, represent radicals, VOC' stands for volatile organic componds and CARB
for compounds derived from carbon.

significantly the oxidation of VOC are the precursor reactions of ozone formation. So,
greater concentrations of these pollutants shall induce a greater production of ozone.
These reactions that follows the VOC and CO oxidation are catalyzed by NO and NO,,
that when analyzing this photo-chemical process are usually taken together as NO, (NO,
= NO + NOy). In fact, the production rate of ozone depends strongly on the ratio between
VOC and NO, concentrations: the VOC/NO, ratio.
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In urban areas, the high antropoghenic emissions result in high NO, concentrations and
therefore in a low VOC/NO,, ratio. In this regime the concentration of O3 is conditioned
mainly by NO, tritation. In this photo-chemical process NO reacts with O3 to create NO,
and oxygen. So, high concentrations of NO, induce a decrease on ozone production, and
vice-versa [35]. An example of this behaviour is the weekly pattern in ozone levels that
has been observed in some Belgian cities. Ozone concentration peaks have been recorded
during weekends, when NO, emissions and concentrations are lower. This phenomenon
has been named as the “week-end effect” [36].

All in all, this whole complex chemical process makes the analysis of primary pollu-
tants like NOy, NO and CO necessary to perfom a proper evaluation of ozone levels and
concentrations.

4 Methodology

For our study we combine observational data, provided by the Xarza de Vigilancia @
Prediccio de Contaminacio Atmosférica (XVPCA), with simulated atmospheric data
given by an air quality model. We emphasize that we have not designed or executed
these simulations. Their results have been provided by the URBAG groupf} However,
an explanation about the model is necessary for a proper understanding of the project.

4.1 The model
4.1.1 Model description: WRF-Chem

The simulations we are using have been computed with the wide know forecasting com-
munity model, the WRF model. It stands for Weather Research and Forecasting model
and it is used for both research and operational forecasting. Its vast usage among the
scientific community is due to its many applications such as atmospheric physics research,
real time numerical weather prediction (NWP) and forecast system research. Besides,
it can be coupled with chemistry analysis software (WRF-Chem) [15], as it is done for
our simulations, or work with idealized applications at many scales (from hundreds of
kilometers to ten meters).

The whole procedure can be split in three parts.

e WRF preprocessing sistem, WPS. It is composed of a set of programs working col-
lectively to prepare the input of the model. That is, WPS handles the interpolation
of meteorological data in the WRF grid.

e The WRF model itself which simulates the atmosphere evolution from a set of
initial and boundary conditions.

e A set of graphical and verification tools used in furhter analysis.

The WRF model has two dynamical cores: Advanced Research WRF, ARW-WREF, and
Nonhydrostatic Mesoscale Model, NMM. Whereas the first can be used in both research

3These results are part of an ongoing project.
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and NWP while offering idealized cases and other specific tools such as WRF-Chem,
NMM is more limited since it is more focused on NWP applications.

These two cores represent the implementation of the model itself and thus include the
basic dynamical equations: advection, pressure gradient, Coriolis, buoyancy and diffusion;
and also numerical methods for solving these equations like finite differencing or a three-
order Runge-Kutta method.

For the simulations we used the ARW dynamical core and particularly, the model coupled
online with its chemistry extension WRF-Chem. With WRF-Chem we are able to simu-
late emission, transport, mixing and chemical transformation of trace gases and aerosols
simultaneously with the meteorology [15]. The main benefit of this model is its flexibility
when defining the conditions of the simulation. While setting the input of the model we
can define the time period of the simulation, the domain and its resolution, the physical
characteristics of the model and, of course, the chemistry. Specifically, we can define the
different chemical phenomenons and also which chemical species are considered in the
simulation and how they react.

Finally, the model output gives a prediction of the atmospheric conditions in our study
region and at a given time. Among them we find temperature, pressure, humidity, rain-
ing probability and also the synoptic conditions. Moreover, when using the coupled
Chemistry extension, the output model gives the predicted values of concentration of the
studied chemical species.

4.1.2 Model set-up

The model covers two geographical domains: the Iberian Peninsula using a 9km x9km
grid (D1), and the region of Catalonia with a finer grid, 3kmx3km (D2), and accounts
for 45 vertical layers. In this project, since we restrict our study to the AMB, the results
we use correspond to the second domain.

Referring to simulation times, they encompass the period between March 2020 and June
2020. This includes the full length of the lockdown restrictions, from 14th March to the
2nd of May. And also includes the de-escalation process that started on the 2nd of May
and extended until the ends of June.

For meteorological data the ERA5 model [37] has been consulted to define the initial at-
mospheric conditions of the simulations. This database collects data from atmospheric,
oceanic and terrestrial variables hourly and has information between 1950 and 2016. The
latest release, 2016 data, has been used to set the initial and boundary atmospheric con-
ditions. The ERA5 model data is combined with geographical conditions of the study
region as input of the WPS model. Then this pre-processing system interpolates all this
data and provides a file with the information in a grid readable to the WRF model.

Similarly, data for the boundary conditions setting has been extracted from the Whole
Atmospheric Chemistry Community Model (WACCM) [38]. The WACCM collects infor-
mation about several chemical species in the atmosphere. For the one hand it provides
an open data-set of concentration of such components, mostly pollutants. On the other
hand it makes predictions of the behaviour of these chemical species in the atmosphere.
WACCM data has been used to set the chemical initial conditions of the simulations. Fur-
thermore, for a complete description of the chemical-atmospheric conditions, information
about pollutant emissions is needed. This data has been obtained from the CAMS-
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REG-APv3.1 [39] data-set. This is an emission database at European level that provides
information about emissions classifying by country and by pollution source. Specifically,
the database used corresponds to air pollutant (AP) emissions due to anthropogenic ac-
tivity at regional scale (REG). The studied pollutants are NO,,, SOs, NMVOC, NHj3, CO,
PMyy, PMy 5 and CHy4. Version 3.1, the latest release in 2019, correspond to year 2016
emissions.

This data has been pre-processed with HERMESv3 system [40]. This pre-processing
model creates emission files readable for atmospheric models, such as WRF-Chem, from
emission inventories. HERMES is capable to differentiate between different emission
sources and pollutants as well as between geographic regions applying different country-
specific mechanisms. The whole set up of the model is summarized in Table

Horizontal resolution D1: 9km x 9km, D2: 3km x 3km
Period March - June 2020
Vertical layers 45, up to 100hPa
Chemical initial condition WACCM [3§]
Meteorological initial condition ERA5 [37]
Emission inventories CAMS-REG-APv3.1 [39)]

Table 2: Experiment configuration

4.1.3 Model runs: COVID and BAU simulations

The model has been run on the cluster Picasso. We can access the output data connect-
ing to this cluster where it is kept.

The executions of the model result in two sets of simulations. On the one hand there
is the BAU-simulation set. BAU stands for business as usual and for this model run a
typical rate of emission has been assumed. On the other hand, the COVID-simulation
set uses reduced emissions due to mobility restrictions during COVID lockdown. So, in
short, the only difference between the two sets are the anthropogenic emissions considered.
For the BAU-simulation set, data from the CAMS-REG-APv3.1 [39] data set pre-processed
with HERMESv3 is used as it is explained in [4.1.2 [40]. To define the reduced emissions
for the COVID-simulation set we use this same data-set but we apply an additional pre-
processing step: the reduction factors provided by the Barcelona Supercomputing Center
[41] have been applied. In this BSC work Guevara et al. analyzed the emissions during the
COVID-lockdown period and, using a machine learning model, estimated the emissions
that would occurred if mobility and production restrictions were never imposed. Doing so
in different European countries, they have been able to define emission reduction factors
for each country, day and pollutant sector.

In Figure [2| we show how the reduction factors for five pollutant sectors evolve during our
study period (presented in later section in Spain. The sectors here highlighted are:
Public Power, Industry, Road Transport and Aviation.

Guevara et al. [41] consider Public Power emissions to be related to energy production,
so in some versions of their work this sector is referred as Energy Industry. As main
assumption, they say that the tendency of these emissions is related to electricity demand.
In addition, they define as the most influential factors in such demand the temperature
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Figure 2: Reduction factors [41] evolution during our study period: from 16'" March to 10!
April. They describe how the emissions of a certain pollutant sector has decreased due to
lockdown restrictions, so a negative factor stands for an actual reduction in emissions. Five
pollutant sectors have been chosen: Public Power, Industry, Road Transport, Aviation and
Shipping.

(heating and air conditioning) and day-week, distinguishing between working or non-
working day. In general terms, emission reductions appear when restrictions are imposed.
In Figure [2]it can be appreciated a decreasing tendency in the evolution of the reduction
factors of this sector, specially there is a sudden decrease when full lockdown El is imposed.
Moreover, we can identify weekly patterns showing additional reductions during weekends
and emission peaks in working days.

For the Industry or Manufacturing Industry sector emissions, the same pollutant sources
as in the previous sector are considered: energy power plants mainly. In Guevara’s et al.
it is assumed that a 25% of the total electricity demand reduction to the reduction in
manufacturing industry activity. For this reason the behaviour of the reduction factors
for this sector follow a similar evolution as the Public Power reduction factors. This can

4A more detailed explanation of lockdown and full lockdown situations is presented in later sections
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be seen in Figure[2] However, in this figure we can also see that the reductions are smaller
for this sector because, even in strict lockdown situations, the industry of essential sectors
(food, pharmaceutics) is still active.

From the analysis of these two sectors, Guevara et al. conclude that the reduction in
their activity is the main responsible for the decrease in SO, concentration, [41].

To define the emission reductions due to mobility restrictions in Road Transport in Cat-
alonia (Spain), Guevara et al. [41] analyze mobility date from Google, the Agéncia de
Tranports Metropolitans (ATM) and Direccion General de Trdfico (DGT). The goal is to
identify trends that can give insight of the mobility variation during the lockdown period.
It is estimated that road transport mobility has been reduced in a 70%.

As a general conclusion, Guevara et al. say that the emission reductions in this sector
are highly correlated with the severity of the imposed restrictions and that they are the
main responsible for the reduction of most pollutant concentrations. [41]

In Figure [2| we see a significant reduction as lockdown measures become effective, as
it would be expected, and they continue to decrease as more restrictions are imposed.
Again, we can identify weekly patterns with slightly higher factors in workdays. This
increase is due to essential mobility: heavy-duty transport and displacement to essential
work places.

This differences between workdays and weekends reinforce the idea to treat them sepa-
rately. In fact, in our study period we shall only consider workdays (from Monday to
Friday).

For the Aviation sector, only emissions that have direct influence on air quality are consid-
ered [41]. That is, only take-off and landing cycles are taken into account. Furthermore,
since the contribution of this sector to the total amount of emissions is of the order of
1%, the reduction factors are computed only for the largest airport of each country. The
results of this analysis show that the emissions of this sector have reduced in a 90% in all
European countries. Such numbers could be expected since movement between different
regions and countries was strictly restricted. Indeed, in Figure [2| it can be seen that the
greatest decrease is in this sector.

The emissions due to Shipping show a weekly step-wise decrease (Figure . This may
be because shipping companies keep they week schedules. Moreover, the reductions in
this sectors are less pronounced than for Aviation due to the need of constant traffic of
essential goods.

In addition, the Other Stationary Combustion sector include emissions coming from com-
bustion in residential and commercial energy consumption, for instance fuel combustion
in household heating. Differently to the five aforementioned sectors, in this case they
provide results for the reduction factors that are pollutant specific. In Figure |3[the evolu-
tion of the reduction factors in this sector for each analyzed pollutant in CAMS data-set
is shown. As done before, this data concern only to Spanish territory, [41].

In Figure 3| we can distinguish between two behaviours. On the one hand, the pollutants
related to wood consumption processed show an slight increase (~ 8%). In this group
we can include NMVOC, CO, PMy5, PM;y and NH;. On the other hand, the other
pollutants groups (NO, and SO,) experience a moderate decrease.

Again, as it has been seen analyzing the evolution of the reduction factors for the in-
dustrial sectors and road transport, a weekly pattern can be appreciated. This pattern
shows an slight increase during the week followed by a marked decrease in weekends.
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Figure 3: Reduction factors [41] evolution during our study period: from 16" March to 10"
April. They describe how the emissions for Other Stationary Combustion sources have decreased
for each pollutant due to lockdown restrictions. So, a negative factor stands for an actual
reduction in emissions. Five pollutant sectors have been chosen.

To sum up, we use CAMS-REG-APv3.1 [39] data for the BAU simulations and we apply to
this data the emission reduction factor defined by Guevara et al. [41] for the corresponding
day, in Catalonia and accounting for all possible polluting sectors.

4.2 XVPCA data. Observations.

We complete our study analysing data from real observations of pollutant concentrations
in the atmosphere. As we have already said, this data is provided by the XVPCA. It
monitors the principal pollutants (NO, NOy, NO, PM;o, PMy 5, PM;, O3, CO, SO,, HsS,
CeHg) and collects insight on their concentration levels. The XVPCA provides open data
about all their measurement [27].

A large scale study taking into account data from all the stations would be quite chal-
lenging and it is not the aim of this project. Moreover, since road transport (traffic) is
the most significant pollutant source in Catalonia and also it is one of the sectors most
affected by the lockdown restrictions, we have reduced the scope of our work to the study
of air quality in the AMB, presented in Section

Within this region we define and particularly analyze four station classes or sectors. To do
18



so, we combine the two station classifications proposed by the XVPCA. On the one hand,
the XVPCA classifies its stations according to the main source of the pollution affecting
it. The three types of stations are then: traffic, stations located next to a circulated road;
industrial, stations located by an active factory; and finally background stations, which
are the ones that measure the remaining pollution in an area. On the other hand, the
agency classifies the stations according to its urban area. In this sense, they distinguish
between urban, suburban and rural regions.

From the combination of these sectoral and geographical classification, we define the
following merged categories:

e Urban - traffic stations.

e Suburban - traffic stations.

e Urban - background stations.

e Suburban - background stations.

We do not include in our study scope neither rural stations, since it is restricted to
the metropolitan area of Barcelona (AMB), or industrial stations. This second excluding
choice is really subjective because we want to focus on the impact the mobility restrictions
had on air quality and on how traffic affects air quality in Barcelona.

\ AMB \ Urban-Traffic \ Suburban-Traffic \ Urban-Background \ Suburbans-Background

PM,, | 10 2 1 4 2
05 13 2 1 5
NO | 20 2 2 9 6

NO, | 20 2 2 9 6
CO 8 2 1 2 3

Table 3: Number of stations for each pollutant and defined class, [27].

In Table |3] we present the number of stations there are for each of our defiend classes
and for each pollutant. As it is noticed, not all stations gather data for all pollutants.
The most monitored pollutants are NO and NO,, since they are the most abundant and
troubling ones ([16], [19]). Whereas, for CO, PM;o and O3 we have significantly less data.
Despite this, we consider the total amount of data we can gather from all the AMB to
be significant to carry on our study.

Remind that our work is focused on the variations on PM;y and O3 during the COVID-
19 pandemic. NO, has already been discussed [25] and CO is not as troubling as other
pollutants in Barcelona ([16], [19], [24]). However, these gases are necessary to a explain
properly the chemistry behind the creation and tritation of ozone in the lower atmosphere,
and therefore key for a proper discussion of ozone concentration behaviour [32].

4.3 Studied period

From the whole simulated time, March - June 2020, we restrict our study to the first 41
days of such period, from the 1%t March to the 10" April of 2020. For every week in this
period, we shall analyze deeper its five working days, see Table [4
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Week ‘ Description

ond _ 6t of March Pre - lockdown
9th _ 13 March Pre - lockdown
16 - 20*" March Lockdown
234 - 27t March Lockdown
30" March - 3*9 April | Full lockdown
6t - 10"" April Full lockdown

Table 4: Working day periods that we studied.

The studied period include the two weeks previous to the declaration of the emergency
state in Spain, and the four first weeks of lockdown, although the third and four weeks
enter in the full lockdown period. We have chosen two representatives weeks of each
period in order to have richer statistics when assessing the pollutant reductions in the
lockdown situations.

4.3.1 Lockdown restrictions

In the BOE of 14" March of 2020 [22], the Spanish government ordered an emergency rule
that resulted in lockdown restrictions. Among other exceptional measures, this document
included:

Limitation to free movement of individuals. Circulation was restricted to a few
justified cases such as food supply, medical emergencies or displacement to work
place.

Cease of educational activity.

National public transport offer was lowed to 50%.

e Non-essential stores were forced close to the public.

In the BOE, the sectors and business considered essential include supermarkets and other
food supply stores, pharmacies and other medical supply stores, technological shops (be-
cause of the imposing of tele-working) and hygienic services such as laundry.

This measures were toughened in the BOE of 28" March of 2020 [23] due to the negative
evolution of the COVID pandemic. In order to restrict more social contact and mobil-
ity, the Spanish government ordered the closure of all non-essential business, like offices
which were still opened without customer service, and workers were ordered to stay home
following the mobility restrictions already current.

The possible impact of this remarkable additional measure has to be considered. There-
fore, we have to make a distinction between the two periods. We shall refer to the period
including the first two weeks, 16" March - 29'" March, as lockdown period. On the
other hand, the period 30" March - 10*" April shall be referred to as full lockdown
period.
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4.3.2 Meteorological conditions

When assessing air quality, one of the most important factors to consider is meteorology.
Similar anthropological behavior and emissions can have a different impact on air quality
depending on meteorological conditions. In general terms, unstable weather conditions
such as windy and rainy episodes favor air cleansing and improve air quality. On the
other hand, stable atmospheric conditions favor pollutant accumulation [25]. Moreover,
there could be natural causes for bad air quality. For instance, there are dust storms
coming from the Sahara desert that can reach and affect the air in Catalonia.

The meteorological conditions in the different stages of our study period are characterised
by no extreme windy events, low solar irradiation and hot temperatures compared to pre-
vious years (J42], [43]). However, in March we find slight different weather conditions for
the two studied periods (pre-covid time and first lockdown period). During the first
fortnight of March 2020, the maximum absolute temperatures where reached in atmo-
spherical stable days. In contrast, during second fortnight of the month a higher weather
variability occurred with more rainy events and colder and less sunny days [42].

The meteorological phenomenons that can induce punctual changes in air quality are
precipitation events. During the studies period there were five rain episodes in the 15t - 374,
in the 15" - 17" March, 2274 - 234 March, 25" - 26'"® March and finally the precipitations
that occurred between the 29" of March and the 2°¢ of April. Despite having an irregular
distribution, all these precipitation events effected the city of Barcelona and the AMB
([42], [43]). Though there were not intense rains, we expect to minimize possible particular
effects of these and other phenomenons by averaging over a large period. In addition,
another remarkable atmospheric event in terms of air quality assessing are the African
dust episodes that affected Barcelona from the 28" of February to the 1% of March and
from the 18" March and lasted until the 24'® of the same month [42].

A summary of the meteorological conditions per weeks in the city of Barcelona is pre-
sented in Table [ The table includes the studied week (only working days), the current
restriction regime and the main meteorological variables. The data presented show the
daily average during of week computed with data from the meteorological stations in
Barcelona provided by the SMC (Servei Meteorologic de Catalunya). Alongside with the
main meteorological variables, like pressure surface (Pg.), temperature (T) and accumu-
lated precipitation (Prec. acc.); Table also gives insight on two larger-scale variables. In
short, the circulation weather type (CTW) gives insight on the origin of the atmospheric
circulation: cyclonic/anti-cyclonic, purely advective winds or the combination of both.
On the other hand, the synoptic wind component (SWC) indicates the main direction of
the wind.

4.3.3 Post-processing data for results

The results presented in this work can be classified within three categories.

e Pollutant time series. The evolution of a daily variable is computed and plotted
in the whole study period. We do so for the 24h-mean and 8h-mean maximum
of pollutant concentrations. To perform this calculation, we compute firstly the
evolution of the chosen variable in each station. These time-series are then averaged
over all the stations in the AMB.
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Week | Description | Py (hPa) | T(°C) | Prec. acc. (mm) | CWTs | SWC

16 - 20" March Lockdown 1020.4 12.9 24.1 SE SE
23~ 27" March Lockdown 1015.8 11.4 20.4 E E
30" March - 3'Y April | Full lockdown 1015.9 11.6 25.3 C E
6" - 10™ April Full lockdown 1023.0 15.0 0 A S

Table 5: Weather conditions of the selected four weeks in Barcelona. Py.: surface pres-
sure. Prec. acc.: precipitation accumulated (mm). CWT: circulation weather type.
SWC'" Synoptic Wind Component

The incertitude of this data has two error sources. On one side, there is an statistic
deviation of the temporal data in each station. And on another side, there is an
variation between the different stations.

In the case of the 8h-mean maximum, we follow this same procedure. But, once
the AMB time series of the 8h-mean has been computed, we choose the maximum
daily values.

e Agregated daily profiles. With this kind of plot we define an averaged daily
behaviour of a pollutant concentration in a certain period.
The first step of the calculation consists in perform the hourly data averages over
all the AMB stations, or alternatively, the stations of one of the sectors we defined.
When doing this calculation it has to be taken into account that XVPCA provides
hours in local time (LT) and the model uses UTC time. So, the proper conversion
has to be considered. During winter months (before the 28™ March): LT is UTC
+ 1h. For summer months (after the 28") LT is UTC + 2h.
Then, with the second stage of this calculation, we find a generic daily profile of
a pollutant concentration by computing the median of the different days of the
studied period.
To provide some insight on the variability of this data, we include in this plots the
value of the percentiles.

e Reduced concentration percent. In order to quantify the reduction predicted
by the model, we compute the percentage difference between the two simulation.
This substraction is performed on every hourly value following the below expression,

(-

xjcovu:; - ijAU % 100 (1)

J
AU

where 7 stands for the value of the variable in time j and for simulation o.

5 Model evaluation

Previously to the discussion of the model simulated data and its comparison with obser-
vation data, we make a first assessment of the performance of the model. To do so, we
take as a benchmark data of the first two weeks of March. This period correspond to the
first fifteen simulated days and also it is previous to the lockdown imposition. Therefore,
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in this period the model only simulates a BAU situation and we work only with one set
of simulated data, BAU data, and with observation data provided by the XVPCA.

We evaluated three statistic metrics: the correlation coefficient, the root mean squared
error and the normalized mean bias. In the following equations P and O shall denote the
predictions data vector (modelled data) and observations data vector, respectively. Also,
we keep the tradition nomenclature for statistic variables: ¥ stands for mean and o, for
standard deviation.

e Correlation coefficient (R). It provides a measure of the lineal relation intensity
between two variables. But it does not contain insight on the their bias.

0o+ 0p

e Root Mean Squared Error (RMSFE). Statistical estimator that gives the mean error
of two sets of data. For example, data provided by a predictive model and data got
from an experiment.

1 & ,
RMSE = |+ > (P = 0)) (3)

=1

e Normalized Mean Bias (N M B). Metric that quantifies the under or overestimation,
depending on the sign of the observed mean by the predicted mean.

NMB(%) = Zjii(f ;401‘) x 100 = (g - 1) x 100 (4)

The calculation of these magnitudes has been done pollutant by pollutant and station
by station. That is, for every station of each pollutant we take as O-vector the complete
time series of data from the 15¢ of March at 00:00 h to the 15" of March at 23:00 h (hourly
values). Analogously, the P-vector is build with the same time series of data taken from
the BAU simulation output in the simulation grid point closest to the station location,
which is given by a pair of coordinates: latitude, longitude.

Once the statistic metrics are computed for every station, we can get the mean values
for each of the defined sectors. To do so, we average the results for all the stations of
a certain sector. The statistic metrics computed for every pollutant on every sector are
presented in Table [6]

From the results of our assessment we can conclude that, in general terms, the capacity
of the model to simulate the behaviour of PM;q concentration is limited. The correlation
coefficient values are below 0.3 and we get biases greater than 50%, in absolute value.
To evaluate the RM SFE results, we compare them to the guideline level proposed by the
WHO. Such value provides an idea of the order of magnitude of the concentration of a
pollutant. In the case of PMj, we find root mean squared errors around 17 pg/m?, which
has the same order of magnitude of the annual mean WHO guideline, 20 ug/m?. That
is, the expected error has the same magnitude as the maximum expected value.

An analogous conclusion stands for the metrics found for CO. The values for R are low
and the RMSE has the same value as the typical levels of CO concentration. Although
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we could confer these poor statistic metrics to the fact that for these two pollutants,
CO and PMjq, are monitorized by a reduced number of stations in the AMB, 8 and 10
respectively.

On the other hand though, for NO and NOy, which are monitorized by 20 stations in the
AMB, we may expect more consistent results. The statistic metrics presented in Table
[6] for these pollutants show larger values for the correlation coefficient and RMSE that
are one order of magnitude smaller than the WHO threshold levels. Also, for the case
of NOy we got normalized mean biases below 50%. And, except for Urban - Traffic and
Suburban - Traffic sectors for which there are only two stations monitoring NOsy, the
biases found are below 30%.

For the case of ozone, despite being measured only in 13 stations in the AMB, the
statistic metrics point to an acceptable agreement between observation data and the
data computed by the model. The correlation coefficient take values around 0.7 in all
cases and the root mean squared error varies in a close range and values are well below
the level set by the WHO guideline (100 ug/m?).

Pollutant \ Sector \ Num. stations \ R \ RMSE \ NMB
AMB complete 10 0.1848 | 17.869 ug/m? | -52.35%

Urban - Traffic 2 0.0357 | 21.337 pg/m? | -61.21%

PM;, Suburban - Traffic 1 0.2322 | 17.015 ug/m3 | -52.34%
Urban - Background 4 0.1552 | 18.066 pug/m3 | -52.78%

Suburban - Background 2 0.3074 | 15.902 ug/m3 | -44.79%

AMB complete 13 07016 | 27.543 yig/m® | 36.75%

Urban - Traffic 2 0.6994 | 27.975 ug/m3 | 43.94%

O3 Suburban - Traffic 1 0.7372 | 37.024 ug/m? | 86.95%
Urban - Background 5 0.7357 | 26.636 ug/m? | 36.43%

Suburban - Background 5 0.6613 | 26.380 ug/m?3 | 24.17%

AMB complete 20 0.4352 | 18.234 ug/m? | -46.31%

Urban - Traffic 2 0.5881 | 21.032 pg/m? | -55.59%

NO Suburban - Traffic 2 0.3599 | 33.513 ug/m3 | -85.18%
Urban - Background 9 0.4646 | 17.221 ug/m3 | 36.43%

Suburban - Background 6 0.3770 | 13.616 ug/m? | -36.68%

AMB complete 20 0.4788 | 20.366 yig/m® | -24.69%

Urban - Traffic 2 0.5053 | 24.878 ug/m? | -38.50%

NO, Suburban - Traffic 2 0.3877 | 23.504 ug/m? | -44.49%
Urban - Background 9 0.5164 | 20.693 ug/m?3 | -27.10%

Suburban - Background 6 0.4499 | 17.335 ug/m3 | -5.59%

AMB complete 8 0.2203 | 0.21mg/m? | -54.52%

Urban - Traffic 2 0.1376 | 0.256 mg/m? | -54.38%

CO Suburban - Traffic 1 0.1659 | 0.125mg/m? | -38.45%
Urban - Background 2 0.2390 | 0.186 mg/m? | -48.74%

Suburban - Background 3 0.2809 | 0.259 mg/m? | -63.81%

Table 6: Statistic metrics for model evaluation. For each pollutant, the computation has
been done for sectors.
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As an exception we have to remark the results found for the Suburban - Traffic sector.
This sector is only represented by a single station for ozone and therefore, possible local
variations are not mitigated by the average behaviour of several stations.

One reason for these good results of ozone respect the other pollutants might be its
behaviour in the atmosphere. Unlike NO,, CO and PMy, ozone is not directly emitted but
it is created and destroyed by a complex chain of chemical reactions in the atmosphere.
Then, while primary pollutants (NO,, CO, PM;) are deeply affected by the emissions
used as boundary conditions for the model, ozone is not. It has to be remind here that
the emission set used for the execution of the model correspond to the emissions of year
2016. So, here there is one of the error sources of the model.

6 Results and Discussion

In this section we discuss every chosen pollutant, PM;, and Ogs, separately. For each
pollutant we discuss whether the model is capable of capture the evolution of the ob-
servational data in the studied period, as well as the daily trends of the concentration
levels in the AMB. This qualitative discussion is later combined with a quantification of
the pollutant concentration reductions computed with modelled data. In addition, we
perform sectoral discussion of the results analyzing the aggregated daily profiles of each
defined sector and we quantify the model reductions.

Furthermore, for ozone we include a deeper discussion taking into account its chemical
process in the atmosphere. To this end, we perform a briefer analysis of the model results
on the principal pollutants that influence ozone chemical cycle: NO, CO and NO,.

6.1 PM,, analysis

As our model performance assessment pointed (section , the general behaviour of PMy
is not captured by the model. For instance, in Figure [4] we see how the model shows
concentration peaks where the XVPCA register off-peaks as it is the case of the peak
that is appreciated on March 16" and, to a less extend, the peak simulated on April 4.

Another example of this lack of agreement between the model and the simulation is found
in the trend simulated between the 24" - 28 of March: the XVPCA register a decrease
in the levels of pollutant whereas the model points to a PM;, concentration increase.

In addition, the concentration levels are sub-estimated in pre-covid and lockdown (lock-
down and full-lockdown) periods. As it is seen in Figure , even for the reduced levels
of PM;, that occur during the restrictive period, the prediction of the model is well be-
low the observations data. This same analysis can be derived from the aggregated daily
profile of PM;q concentration in the AMB, Figure [f

The model results do not show major differences between the two simulations. In both,
Figure 4] and [5| the COVID and BAU lines follow the same trends and take similar values.
In fact, the variations computed from modeled data show an slight decrease of 0.65%
during the lockdown period and an slight increase of 5.18% in the full lockdown period.
In general, the variation between both simulations for the PM;y concentration in the
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Figure 4: Evolution of the PM;(y concentration 24h-mean in the studied periods: from
15 of March to the 10" of April. The black vertical lines mark the change of restrictive
perdios: pre-covid, lockdown and full lockdown. The horizontal yellow line sets the WHO
threshold level for the PM;y 24h-mean: 50ug/m3

AMB is +1.64% (where a positive sign means an concentration increase).

In respect to the observational data, it is well appreciated how the pollutant concentration
decreases in time due to the application of mobility restrictions (Figure . In particular,
we highlight the smoothing and reduction of the morning peak that is seen in the Pre-
covid panel of Figure 5] This peak is almost undetectable in the last panel of this same
figure.

A sectoral analysis of this pollutant show that, for traffic stations (Figure [f] panels (a)
and (b)), the pollution levels are greater than for background stations (Figure [f| panels (c)
and (d)). Also, the relative reduction is greater for traffic stations so in the full-lockdown
period the levels of PM;, are equal for all sectors. When comparing the aggregated daily
profiles of the PMjy concentration (Figures @, it is seen that the morning peak is
mainly due to traffic pollution: for traffic stations this peak can reach concentrations of
70ug/m3, while in background stations it hardly exceed a 30ug/m? value.

In terms of model results, the computed variations for sectors are around +2% for all
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Figure 5: Aggregated daily profiles of all the stations monitoring PMjy in the AMB.
Precovid period (left panel): aggregated profile for working weeks: 2°¢ March - 6%
March and 9 March - 13" March. Lockdown period (middle panel): aggregated
profile for working weeks: 16" March - 20" March and 23'¢ March - 27" March. Full-
lockdown period (right panel): aggregated profile for working weeks: 30" March - 34
April and 6™ April - 10* April.

sectors. Specifically, +1.04% for Urban - Traffic stations, +1.64% for Urban - Background
stations, +2.64% for Suburban - Traffic station and +2.24% for Suburban - Background
stations.

This increase in PM; levels contrasts with the 21% PM;, reduction observed in Barcelona
[5]. It seems that the model does not translate an emission reduction in a PM;q reduction.
We recall here that the emission set used in the COVID situation is defined using the
reduction factors presented in [41]. According to this work, PM;, emission increase for
the Other Stationary Combustion sector, see Figure [3 in Section [.1.3] So, we could
attribute the increase in simulated PM;j, levels to an over-estimation of these emissions.

6.2 Ozone chemistry: analysis of NO, NOy, and CO

In this section we analyze the results of the model for three pollutants that, as we ex-
plained in section [3.2] may have an effect on ozone chemical processes. For each of these
three pollutants, we present first an overall discussion of the agreement between mod-
elled data and observational data. Then analyze only modelled results and quantify the
pollutant concentration variation. Finally, at the end of this section, we will discuss the
what might be the effect of this variation on the variation in ozone levels.

6.2.1 Analysis of NO

For nitrogen monoxide, the model gets the actual trends of its concentration, see Figure
[ However, we see a remarkable under-estimation of the NO levels, specially of its
concentration peaks. This inaccuracy of the model is manifested more clearly in the
aggregated daily profiles, where it is clearly seen that the morning NO peak is much
greater than the simulated value, see Figure |8l The presence of this peak is not particular
of an specific type of stations, but it occurs in all four defined sectors. Nevertheless, it
takes higher values for Traffic stations, where the maximum exceeds 100ug/m?, than for

27

— XVPCA
— BAU
— CovID



Pre - covid period

Concentration PM;g -- Urban - Traffic zones (2)
Lockdown period

Full lockdown period

70
60 =
E
5 50
2 — XVPCA
S 40 — BAU
i /\/\ — covip
£ 30 v & = - —
I+ \j i
5
S 20
w0 d
0
B 12 16 20 1 B 12 16 20 2 B 12 16 20
Local Time Local Time Local Time
Concentration PM;, -- Suburban - Traffic zones (1)
Pre - covid period Lockdown period Full lockdown period
60
50 b
£
Ed
=z — XVPCA
S — BAU
B 3 — covip
€
¢
2 20 —_— -
S
S
10
0
12 16 20 7 B 12 16 20 7 B 12 16 20
Local Time Local Time Local Time
Concentration PM;, -- Urban - Background zones (4)
Pre - covid period Lockdown period Full lockdown period
40 R
E A
S A
g 30
<z — XVPCA
s — BAU
I — covip
£ 20 S
g
I+
s
5}
10 45
0
B 2 16 20 z B 2 16 20 z B 12 16 20
Local Time Local Time Local Time
Concentration PMy, -- Suburban - Background zones (2)
0 Pre - covid period Lockdown period Full lockdown period
20 y N
H
23 A XVPCA
é — BAU
I — covio
€20 o A
[
I+
g
S
o
10 w
0
B 12 16 20 1 B 12 16 20 2 B 12 16 20
Local Time Local Time Local Time

(d)

Figure 6: PM;, aggregated daily profiles for each sector. (a) Traffic - Urban stations.
(b) Traffic - Suburban stations. (c¢) Background - Urban stations. (d) Background -
Suburban stations. The days used to compute the aggregated profile of each period are
the same described in Figure



Background stations, where it is kept below 80ug/m?.
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Figure 7: Evolution of the 24h-mean of NO concentration in the studied period: from
15 of March to the 10" of April. The black vertical lines mark the change of restrictive
periods: pre-covid, lockdown and full lockdown. We do not include the WHO threshold
line since it is not defined for NO daily mean.

This peak underestimation is smoothed in lockdown periods mainly due to an important
reduction of the observed levels of NO. It is seen in Figure |8 that the morning peak is
reduced from concentrations around 100ug/m? in pre-covid times to levels below 20ug/m?
in the full-lockdown period. In any case, though, it can be said that the model presents
a better performance in this latest period. Figures [7| and [8| indeed point to a reduction
of NO levels when emissions are reduced (lockdown periods) but it is not as pronounced
as the one observed. The simulated morning peak is reduced from 20ug/m? to around
10pg/m3.

Having said that, analyzing only modelled data, we find that the model predicts a NO
reduction when comparing BAU and COVID simulations. Moreover, this reduction be-
comes more noticeable when restrictions are toughened. The computed reduction during
the first lockdown period is -12.54% and during full-lockdown days NO concentration is
reduced in a -20.10%.
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Figure 8: Aggregated daily profiles of all the stations monitoring NO in the AMB. Pre-
covid period (left panel): aggregated profile for working weeks: 2°¢ March - 6" March
and 9*® March - 13" March. Lockdown period (middle panel): aggregated profile for
working weeks: 16" March - 20" March and 23 March - 27" March. Full-lockdown
period (right panel): aggregated profile for working weeks: 30" March - 3' April and
6" April - 10" April.

6.2.2 Analysis of NO,

As in the case of NO, NOs levels during pre - covid days are under-estimated but to a
lesser extend. Also, we can see that the evolution trends are captured by the model and
how both concentrations, modelled and observed, are reduced in every period. See Figure
9l

The daily trend is also captured with a significant temporal shift. In Figure we see
how NO, presents two peaks during the day, one in the morning and another one in the
first hours of the night. While the usual time between peaks is of 11 hours, the model
predicts a larger time for all periods. The morning peak appears one hour early and the
second peak, one hour later. As it happened for NO morning peaks, both NO, peaks are
smoothed when restrictions are applied for both observed and modelled data.

This behaviour is seen in all four sectors. And, as it is in the case of nitrogen monoxide,
the concentration levels in Traffic stations are greater than for Background stations.

The differences between the COVID and BAU simulation result in a reduction of NO,
concentration for the COVID simulation. Such reduction becomes clearer when full-
lockdown restrictions are applied. The averaged reductions go from -9.33% in lockdown
period to -16.59% in full-lockdown period. Observed data also shows a reduction in NO,
levels, though it is significantly larger: 50% average reduction in AMB stations [25].

6.2.3 Analysis of CO

In the case of carbon monoxide we can not recognize the same evolution pattern in
observed data and in modelled data, see Figure [[1] In the pre-covid period, the model
under-estimates the CO concentration whereas in the first lockdown period CO levels drop
with restriction implementation while the modelled do not, leading to an over-estimation
of CO concentration.

Furthermore, in Figure we see on the one hand that the observed CO stabilises in
the full-lockdown period. And on the other hand, we can see how the simulated CO
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Figure 9: Evolution of the 24h-mean of NO, concentration in the studied period: from
15¢ of March to the 10*" of April. The black vertical lines mark the change of restrictive
periods: pre-covid, lockdown and full lockdown. We do not include the WHO threshold
since it is not defined for NO, daily mean.
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Figure 10: Aggregated daily profiles of all the stations monitoring NOy in the AMB.
Precovid period (left panel): aggregated profile for working weeks: 2°¢ March - 6
March and 9" March - 13" March. Lockdown period (middle panel): aggregated
profile for working weeks: 16" March - 20" March and 23" March - 27" March. Full-
lockdown period (right panel): aggregated profile for working weeks: 30" March - 3¢
April and 6™ April - 10® April.

concentration in the COVID simulation increases while it drops in the BAU simulation.

An analogous discussion stands for the analysis of the aggregated CO profile, see Figure
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Figure 11: Evolution of the 24h-mean of CO concentration in the studied period: from
15t of March to the 10" of April. The black vertical lines mark the change of restrictive
periods: pre-covid, lockdown and full lockdown. We do not include the WHO threshold
line since it is not defined for CO daily mean.

[12] In this case, though, we can also notice that the model does not capture the CO
concentration morning peak, which suffers successive reductions in lockdown periods. All
in all, the insight provided by Figure|12|reinforce the idea that there is not a recognizable
evolution pattern between the model and the observed data.

In terms of air quality assessment, the WHO defines a guideline level of 10 mg/m? for
the 8h-average maximum [2I]. This threshold is not exceeded in any station neither by
observational data or by modelled data. In fact, in the pre-covid stage, the CO morning
peak (maximum value registered in a business as usual situation) does not exceed even a
concentration of 1 mg/m?.

Having said that, the simulated CO evolution presents an interesting behaviour. Carbon
monoxide concentration in COVID-simulation conditions suffers a significant increase in
opposition to the obvious reduction it suffers in BAU conditions. In fact, CO concentra-
tion in this last period increased in a 64.54% respect to BAU levels.

Due to this discrepancy between modelled and observed evolution, finding a relation
between CO evolution and Os concentration becomes challenging. To do so, a deeper
analysis on CO trends and chemistry would be required. However, this is beyond the
scope of this project and therefore we shall proceed without taking into account the
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Figure 12: Aggregated daily profiles of all the stations monitoring CO in the AMB.
Precovid period (left panel): aggregated profile for working weeks: 2°¢ March - 6
March and 9 March - 13" March. Lockdown period (middle panel): aggregated
profile for working weeks: 16" March - 20" March and 23'¢ March - 27" March. Full-
lockdown period (right panel): aggregated profile for working weeks: 30" March - 34
April and 6™ April - 10" April.

effect of CO on ozone in our subsequent analysis.

6.3 Ogj analysis.

Unlike the case of PM;, the model gets correctly the trends of ozone in the whole study
period, although it overestimates its concentrations. The ozone levels simulated by the
model exceed the WHO threshold more frequently than the observed levels, see Figure
3] And, therefore, the model pictures a worse scenario in terms of air quality.

For the sake of simplicity, we shall proceed with our ozone results discussion with the
evolution of its 24h-mean. Although this magnitude is not representative in terms of
air quality assessment, it has less variability and therefore it enables an easier and more
consistent analysis. See Figure [14]

In Figure|l4{we can see how, despite a concentration overestimation, the overall behaviour
of ozone is properly captured by the model. In addition, both the XVPCA data and the
model prediction point to an increase in ozone concentration levels. In Figures and
[14] it can be seen how the COVID green line goes over the BAU red line, specially in the
full lockdown period, and also how the blue line, which represents the evolution of the
observations, reaches higher concentration levels during the lockdown periods.

A similar analysis stands for ozone aggregated daily profiles, see Figure [I5] Os levels
are over estimated and an increase in ozone levels is seen. Specifically, the computed
variations of ozone are +0.41% in the first lockdown period and it reaches a +3.58%
in the full-lockdown period. We see also how observed concentration grow in lockdown
periods. In fact, we can this growth is even more significant than the given by the model,
since in the Full-lockdown panel in Figure [15| the model over-estimation of ozone levels
is hardly noticeable.

In addition, the daily behaviour of ozone is properly modelled: ozone concentration drops
during night hours while suffering significant increases during daylight hours. This be-
haviour is due to the photo-chemical cycle of ozone in the atmosphere: ozone is produced

33

— XVPCA
— BAU
—— COovID



03, 8h maximum evolution

|
—_— XVPCA data
200 —— BAU simulation data
— COVID simulation data

E 150
o
=
=
8
4

® 100
-
=
@
W]
=
o
]

50

0

d\y QQ‘ P . Oy Q(")
NG N i‘;’} Q,,;l« Q?;L >
WQ’ Qq’ﬁf rLQI rLQI WQ’ Qq,%’
P + P P ) +
date

Figure 13: Evolution of the 8h-mean maximum of ozone concentration in the studied
period: from 1% of March to the 10*" of April. The black vertical lines mark the change
of restrictive periods: pre-covid, lockdown and full lockdown. The horizontal yellow line
sets the WHO threshold level for the O3 8h-mean-maximum: 100ug/m?

by a complex chemical process, involving NOy, NO, CO and VOCs, that requires sunlight,
see Figure

This agreement is extended to the results of all sectors. Specifically, for Background
zones (Figure [16] panels (¢) and (d)) which are monitored by 5 stations each (both, urban
and suburban areas). For Traffic zones though, XVPCA data present more pronounced
differences between day values and night values, see Figure |16 panels (@) and (). Since
there are fewer traffic stations, we can consider these differences as a local behaviour
undetected by the model.

In terms of ozone variations for sectors, differences between Urban and Suburban areas
are remarkable. The averaged variations for Urban - Traffic and Urban - Background
areas are +2.94% and 2.04% respectively, even reaching an increase of +6.14% in Urban
- Traffic areas during the full lockdown period. On the other hand, variations in Suburban
areas were more moderated. Ozone increases in a +1.03% in Suburban - Traffic stations
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Figure 14: Evolution of the 24h-mean of ozone concentration in the studied period: from
15* of March to the 10" of April. The black vertical lines mark the change of restrictive
periods: pre-covid, lockdown and full lockdown. We do not include the WHO threshold
line since it is not defined for ozone daily mean.

and in a +1.31% in Suburban - Background stations, according to model results.

Observed data in Barcelona also shows significant increases in ozone levels in both traffic
(+57.7%) and background stations (428.8%) respect to the pre-covid period [5]. This
phenomenology is not exclusive of Barcelona, but ozone concentrations increases have
occured in the main urban areas in Spain [44] and has also been detected in Indian and

Chinese cities ([4], [6]).

As it is has been discussed in [0] and following section , this increase in ozone concen-
tration can be attributed to NO and NO, emissions reduction. Lower NO,, concentrations
make ozone tritation more inefficient, that is ozone disappears slowly, and ultimately it
results in higher ozone concentrations. It could be seen as a large-scale “weekend effect”:
increase of ozone during the weekend due to traffic emissions reduction [36]. Furthermore,
in [4] it is speculated that a decrease in PMs can result in a reduced sunlight absorp-
tion and therefore in an increase in photo-chemical activities which lead to higher ozone
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Figure 15: Aggregated daily profiles of all the stations monitoring O3 in the AMB.
Precovid period (left panel): aggregated profile for working weeks: 2°¢ March - 6
March and 9" March - 13" March. Lockdown period (middle panel): aggregated
profile for working weeks: 16" March - 20*" March and 23'¢ March - 27" March. Full-
lockdown period (right panel): aggregated profile for working weeks: 30"t March - 3¢
April and 6" April - 10® April.

production.

7 Conclusions

As a general trend, the simulations generated by URBAG group underestimate the con-
centration levels of the primary pollutants (PM;jo, NO, NO,, CO) in the pre-covid period.
That is, when there is no emission reduction. Part of this discrepancy could be due to the
fact that XVPCA stations are strategically placed next to pollution hot-spots. Therefore,
these stations are exposed to the highest concentration levels in a region. On the other
hand, the emissions in the model are generally defined. So, concentration levels in the
simulations are not that subjected to the particular behaviour of a pollution hot-spot.

Such behavior can be seen in the panels of Figure [6] showing the PM;, aggregated daily
profiles for different sectors. The simulation lines show the same behaviour for all sectors.
Simulated evolution present more stable variations (shadowed-areas), without abrupt
changes or distinctive characteristics between different sectors except for slightly higher
concentrations in Traffic stations. On the other hand, in the observed evolution we can
identify differences between different sectors like a higher and clearer concentration peak
in Traffic stations and significantly lower concentration levels in Background stations.

In contrast, ozone levels are overestimated by the model. Since it is a secondary pollutant,
finding a cause for this discrepancy is not straightforward. To do so, we would have to
study other chemical agents that can effect ozone production like VOCs. In this project
though, we did not consider including VOC since we do not dispose of enough measures in
the AMB to perform a proper analysis. On the other hand, in order to detect the source
of this discrepancy we could gain deeper insight on which are the chemical processes
considered and implemented in the model.
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Figure 16: O3 aggregated daily profiles for each sector. (a) Traffic - Urban stations.
(b) Traffic - Suburban stations. (¢) Background - Urban stations. (d) Background -
Suburban stations. The days used to compute the aggregated profile of each period are

the same described in Figure
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Besides these initial comments and assumptions on the differences between the modelled
and observed data, we have to remark that a major discrepancy source in the models
inputs (sec . First of all, the emissions used have been dis-aggregated from the
CAMS-REG-APv3.1 data-set [39], which is an annual emission inventory with 2016 data.
This procedure can introduce a non contemptible incertitude on NO and NOy concentra-
tions as their principal sources are antrophogenic emissions. On the other hand, chemical
boundary conditions [38] may affect long-living pollutants such as O3 and CO as it is
discussed in [45].

Regarding the differences between BAU and COVID simulations the model points to a
significant decrease of NO (-15.87%) and NO, (-12.53%) concentrations while presenting
slight increases in PMjo (+1.84%) and O3 (+1.81%) levels. [| Also, according to the
model the most affected sector by the emission reduction effect for each pollutant are:
suburban-traffic for NO (-23.67%), suburban-background for NOy (-19.36%) and PM;q
(+6.68%) and urban-traffic for O3 (4+6.15%).

These results are far from the results provided by Tobias et al. [5]. According to their
calculations, during the first lockdown period variations of -31% (PMjy), -51.0% (NOy)
and +57.7% (O3) were registered in traffic stations respect to the previous two weeks (pre-
covid period). Similarly for background stations they found variations of -27% (PM),

Despite the computation of these variations has been done differently to our computa-
tion, we can say that the model underestimates the effect of emission reductions leading
to smaller variations and ultimately, to present a slight increase in PM;, levels. Such
unexpected result can be related with the increase in PM;q emissions proposed in [41] for
Other Stationary Combustion sources, see Figure

A better analysis of the simulated data could have been performed taking into account
more grid points within the AMB. These would provided us a better view of the overall
situation in the region and made our statistics richer. However, we would had to face the
challenge of classifying each of these grid points in one of the defined sectors. In addition,
the comparison to observed data would not have been straightforward.

All in all, we can conclude that our methodology has its pros and cons. On the one hand,
the choice of the simulation grid closest to a station enables us to identify the pollutant
sector and also to compare the modelled data and observed data in a straightforward
manner. On the other hand, statistics are poorer for some sectors like Suburban - Traffic
since it is monitored only by one or two stations, depending on the pollutant (see Table
). Also, our analysis is more subjected to possible anomalies that may effect one station
but not the entire sector.

The results of our work open the door to new project proposals. For instance, an evalu-
ation of the meteorological conditions simulated by the model could be performed. Such
analysis would provide us more insight on possible discrepancies between the modelled
results and observational data since meteorology is a key factor in air quality, as it has
been discussed in section [£.3.2] For instance, possible study line would go through a fur-
ther analysis of ozone chemistry. In this sense, other ozone precursors like VOCs could
be included and a deeper discussion of the CO results and its role in ozone chemical

5These results correspond to the averaged variations in the whole lockdown period, including full
lockdown period and on the whole AMB.
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processes would have to be done. Moreover, to complete such analysis, the effect of
boundary conditions on long-living pollutants should be a also evaluated. Furthermore,
an important
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