
Environmental Science:
Atmospheres

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
A

yw
oh

o-
K

ita
w

on
sa

 2
02

1.
 D

ow
nl

oa
de

d 
on

 2
02

5/
12

/0
5 

2:
09

:3
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Modeling the eff
aInstitute for Atmospheric and Earth Syste

University of Helsinki, Finland. E-mail: gian
bShanghai Key Lab for Urban Ecological P

Ecological and Environmental Sciences, E

Shanghai, China. E-mail: jhjiang@des.ecnu
cLaboratory of Atmospheric Chemistry, Pa

Switzerland
dDepartment of Engineering “Enzo Ferrari”

Modena, Italy
eInstitute of Atmospheric Sciences and Clim

Bologna, Italy

† Electronic supplementary informa
10.1039/d1ea00036e

Cite this: Environ. Sci.: Atmos., 2021, 1,
228

Received 6th May 2021
Accepted 19th June 2021

DOI: 10.1039/d1ea00036e

rsc.li/esatmospheres

228 | Environ. Sci.: Atmos., 2021, 1, 2
ect of reduced traffic due to
COVID-19 measures on air quality using a chemical
transport model: impacts on the Po Valley and the
Swiss Plateau regions†

Giancarlo Ciarelli,*a Jianhui Jiang, *bc Imad El Haddad, c Alessandro Bigi, d

Sebnem Aksoyoglu,c André S. H. Prévôt,c Angela Marinoni,e Jiali Shen,a Chao Yana

and Federico Bianchi a

The spread of COVID-19 has posed serious challenges for the global communities. To reduce the

circulation of the infection, governmental bodies have imposed different lockdown measures at various

levels of complexity and duration. As a result, a substantial reduction in mobility might have important,

yet unknown, implications for air quality. In this study, we applied the Comprehensive Air quality Model

with eXtensions (CAMx) to investigate potential changes in air quality and its chemical composition over

northern Italy and Switzerland during periods when lockdown measures were enforced. Our results

indicated that lockdown measures reduced nitrogen dioxide (NO2) air concentrations by up to 46% and

25% in the Po Valley and Swiss Plateau regions, respectively, whereas fine particulate matter (PM2.5) air

concentrations were reduced only by up to 10% and 6%. This highlights the importance of other

emission categories other than traffic for the total PM2.5 levels. The analysis of the PM2.5 components

indicated that elemental carbon (EC) and particulate nitrate (NO3
�) were the species most affected by

the lockdown measures, whereas a mild increase in the secondary organic aerosol (SOA) concentrations

occurred in the Po Valley, and specifically over the metropolitan area of Milan. Our results indicated that

an increase in the oxidation capacity of the atmosphere, i.e. in the cOH and cNO3 radicals, was mainly

responsible for the mild increase in SOA concentrations.
1. Introduction

The spread of the new coronavirus SARS-CoV-2 leading to
COVID-19 has posed serious threats for global communities
around the world.1–3 In December 2019, infections were detec-
ted in Wuhan (China). As of the 15th of October, 2020 more than
31 million cases worldwide and 1 million deaths linked to
COVID-19 were registered.4

As a response to this emergency, governmental bodies have
enforced specic actions and recommendations to prevent the
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spread of the disease.5 In Europe, Italy was the rst country to
enforce a progressive set of lockdown measures aimed at
increasing social distancing. On 21 February 2020, rst lock-
downs were enforced in the provinces of Lodi (Lombardy) and
Padua (Veneto). These preliminary measures were later
extended to the entire Lombardy on 8 March and to the entire
nation on 9 March 2020. This has been followed by other
European countries in the following weeks of March. As a result,
population mobility, outdoor activities and gatherings were
largely reduced.

Among all the economic sectors, the transportation of goods,
commodities and people were the ones most affected by the
restrictions. The transportation sector, i.e. on-road trans-
portation, is the most important source of nitrogen oxides (NOx)
emissions in Europe.6 NOx is deeply rooted in the atmospheric
photochemical cycles, affecting the formation of secondary
species such as ozone (O3) and secondary aerosols. The reac-
tions leading to the formation of such species are complex,
highly nonlinear, and involves numerous cycles and re-
formation of several chemical species.7

Aer being emitted, nitrogen oxide (NO) rapidly reacts with
the hydroperoxyl radical (cHO2) to yield the hydroxyl radical
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Extension of the CAMx domain and mean elevation above sea
level (asl).
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(cOH) and nitrogen dioxide (NO2). NO2 reacts with OH to form
nitric acid (HNO3), which in the presence of ammonia (NH3),
produces particulate nitrate. NOx also plays an important role
during nighttime periods. Especially in urban areas, it depletes
the O3 formed during intense photochemical activity and favors
the formation of the nitrate radical (i.e. NO2 + O3 / cNO3),
which additionally reacts with NO2 yielding dinitrogen pent-
oxide (N2O5) and, in presence of H2O, leading to the heteroge-
neous formation of HNO3. Additionally, it can also react with
various volatile organic compounds (VOCs) (e.g. aromatics and
terpenes), promoting the formation of secondary organic aero-
sols (SOA).

Very recent studies performed in China have investigated the
potential effects of the drastic reduction in NOx emissions
following the enforcement of lockdown measures. Le et al.,8

investigated the changes in PM2.5, NO2, SO2, and O3 concen-
trations over eastern China during the lockdown (i.e. from 23
January to 13 February 2020) using air pollutants satellite and
climatological data for the 2015–2019 years. Additionally,
detailed chemical transport model (CTM) simulations were
performed with the WRF-Chem model. Compared to climato-
logical satellites retrievals of NO2, their study indicated
a reduction of about 72% over eastern China and up to about
93% in Wuhan at the peak of the infections. PM2.5 concentra-
tions were reduced by about 32 and 37%, depending on the
climatological scenario, whereas O3 increased by about 25%
due to the nonlinear chemistry of O3. Over northern China,
however, their analysis indicated a substantial increase in PM2.5

concentrations. The latter was mainly attributed to the unusual
higher relative humidity compared to climatological data and to
the increased oxidation capacity of atmosphere which
enhanced particulate sulfate (SO4

2�) as well as secondary
organic aerosol (SOA) production. Similarly, Huang et al.,9

conducted air quality modeling simulations over eastern China
using the WRF-Chem model during the Chinese lockdown
periods applying several levels of NOx reduction (i.e. between
10–90%). Their results indicated that such rapid decrease in
NOx emissions can lead to an increase in nighttime O3 and cNO3

concentrations, and therefore enhancing the overall oxidation
capacity of the atmosphere.

In this study we conducted explicit chemical transport model
simulations for northern Italy (Po Valley) and Switzerland (Swiss
Plateau), to investigate the impact of COVID-19 lockdown
measures on several pollutants.

2. Method
2.1. Model description

Model simulations covering northern Italy and Switzerland
were performed using the regional air quality model CAMx
(Comprehensive Air quality Model with eXtensions) version
6.50 10 for a period between 1 February 2020 and 27 April 2020.
The rst two weeks of the simulations were used as spin-up
period. The model domain covers an area from 5.06�W to
13.93�E and from 43.03�N to 47.96�N with a horizontal resolu-
tion of 0.125� and 0.0625� (Fig. 1). The gas-phase chemical
mechanism was the Carbon Bond 6 Revision 2 (CB6r2).11 The
© 2021 The Author(s). Published by the Royal Society of Chemistry
two-sectional method for the particle size was selected to
calculate the aerosol concentrations in the ne fraction (PM2.5).
Organic aerosols were calculated using the secondary organic
aerosol chemistry/partitioning (SOAP2.1) module10 and the
ISORROPIA thermodynamic model was used for the partition-
ing of inorganic aerosol components.12 Anthropogenic SOA gas-
phase precursors include benzene, toluene, xylene and
intermediate-volatility organic compounds (IVOCs), while
biogenic SOA precursors consist of isoprene, monoterpenes and
sesquiterpenes. Each gas-phase precursor produces three
classes of condensable gases species: more-volatile, less-volatile
and non-volatile products. The more-volatile and less-volatile
classes of condensable gases from the anthropogenic sources
(i.e. benzene, toluene, xylene and IVOC) have a saturation
concentration (C*) of 14 and 0.31 mg m�3 (at 300 K) and an
enthalpy of vaporization of 116 and 147 kJ mol�1, respectively.
Biogenic precursors, i.e. isoprene, monoterpenes and sesqui-
terpenes have a C* of 26 and 0.45 mg m�3 (at 300 K) and an
enthalpy of vaporization of 118 and 123 kJ mol�1, respectively.
Aerosol yield data are based on corrected vapor wall losses
experiments performed in smog chamber13,14 except for mono-
terpene yields, which are based on Pye et al.15,16 Dry and wet
deposition of gas phase and particulate species were calculated
using the Zhang scheme.10 The meteorological parameters were
produced with the Weather Research and Forecasting model
(WRF, version 4.1.2;17), based on the European Centre for
Medium-range Weather Forecasts (ECMWF) ERA5 global re-
analysis data. Boundary conditions elds were produced from
the Whole Atmosphere Community Climate Model (WACCM).18

As the inuence of lockdown was not considered in theWACCM
dataset, the O3 in the boundary were scaled based on the surface
measurements available from the European Environmental
Agency (EEA).
Environ. Sci.: Atmos., 2021, 1, 228–240 | 229
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The ozone column densities were prepared using the Total
Ozone Mapping Spectrometer (TOMS) data from NASA, and
photolysis rates were calculated using the Tropospheric Ultra-
violet and Visible (TUV) Radiation Model version 4.8.

The Chemical Process Analysis (CPA) tool was enabled in the
CAMx simulations in order to track the contributions from
individual chemical processes and tagged chemical reactions
operating within the model.19
2.2. Emissions data

The anthropogenic emissions were prepared based on the high-
resolution European emission inventory TNO-MACC (Moni-
toring Atmospheric Composition and Climate)-III, which is an
extension of the TNO-MACC-II.20 Biogenic emissions (isoprene,
monoterpenes, sesquiterpenes, soil NO) were estimated by the
PSI model developed at the Laboratory of Atmospheric Chem-
istry at the Paul Scherrer Institute21 and further improved by
Oderbolz et al.,22 and Jiang et al.23

The annual emissions of non-methane volatile organic
compounds (NMVOCs), SO2, NOx, carbon monoxide (CO), NH3,
coarse particulate matter (PM10) and PM2.5 were hourly
distributed using the TNO temporal variation proles. Two
emission scenarios were prepared to retrieve the impacts of
lockdown measures on pollutant levels and composition. This
includes a business as usual scenario, referred to as CAMx-BAU,
based on the standard TNO-MACC emission inventories and
a rescaled emission scenario, referred to as CAMx-LOCK, where
emissions from the road transportation sectors were reduced
according to the mobility data available from two different
sources. For Italy, emissions were scaled based on the weekly
change of heavy and light duty vehicle-uxes as available in the
PrepAIR report (https://www.lifeprepair.eu/wp-content/uploads/
2020/06/COVIDQA-Prepair-19Giugno2020_nal.pdf). In
general, light duty traffic uxes were reported to have been
reduced between 20 and 80% following the gradual progression
of lockdown measures, whereas heavy duty traffic declined by
up to 50%. For the neighboring countries we used the mobility
trends report made available by Apple Maps (https://
www.apple.com/covid19/mobility) and averaged to a weekly
time-step in order to be consistent with the Italian data. For
Italy, the scaling factor (E/E0) for each week was calculated as:

E0 ¼
P

(EFi � Ni � Mi) (1)

E/E0 ¼
P

(ri � EFi � Ni � Mi)/
P

(EFi � Ni � Mi) (2)

E=E0 ¼
X�

ri � EFi

EF1

� Ni

N1

� Mi

M1

��X�
EFi

EF1

� Ni

N1

� Mi

M1

�

(3)

where EF is the emission factor,N is the vehicle number,M is the
mileage of each vehicle, r is the reduction in vehicle traffic and i is
the vehicle type (1-passenger cars, 2-light commercial vehicles, 3-
heavy duty trucks, 4-buses). The EFs were obtained from the TNO
emission factor database, r of light (type 1 and 2) and heavy-duty
vehicles (type 3 and 4) were derived the PrepAIR report. The total
mileage (i.e. M � N) for these four types were directly available
230 | Environ. Sci.: Atmos., 2021, 1, 228–240
from SINAnet report (http://www.sinanet.isprambiente.it/it/sia-
ispra/serie-storiche-emissioni/dati-trasporto-stradale/view). In
this approach, we assumed that the mileage of each vehicle will
not change aer lockdown, and the changes on emissions are
only due to the reduced vehicle number. The scaling factors for
emissions were rst calculated by species. Since the results are
similar for all the species, the average values over species were
used in the emission model.

For the other neighboring countries, the scaling factor
during week 1 to 4 of February eqn (1), and the values aerwards
were calculated by dividing the weekly mobility data with
mobility in week 4 of February. The emissions from gasoline
and diesel vehicles used the same scaling factor for these
countries. The scaling factors for each country can be found in
Fig, S1.† The remaining emission categories, e.g. agricultural,
industrial, and residential heating activity, were not altered in
our analysis since detailed data were not available at the time
the sensitivity tests were prepared. Moreover, recent study
indicates traffic-related emissions are the main factors inu-
encing NO2 concentrations in Italy during lockdown periods. A
study from Guevara et al.,24 based on the Copernicus Atmo-
sphere Monitoring Service (CAMS) emission dataset (referred to
as CAMS-REG-AP), tested two different lockdown scenarios:
a rst one where only traffic-related emissions where reduced,
and a second one where all the remaining emission sectors were
also reduced. The authors found that the reductions in NO2

concentrations (compared to a baseline scenario with no
emissions reductions) were almost identical in the two
scenarios for Italy (e.g. around 54 and 56% reduction over the
Milan area, in the covid19_traffic and covid19_all scenarios,
respectively). Therefore, our analysis should be interpreted as
the impact on air quality due to lockdown measures that only
affected the on-road transportation sector (i.e. SNAP7 in the
Standard Nomenclature for Air Pollution).

The impact of lockdown, i.e. changes in NO2, O3, PM2.5 (and
its components) concentrations, as well as changes in tagged
chemical reactions, are presented throughout the text as the
difference between the CAMx-LOCK and CAMx-BAU scenarios
for the period between 8 March and 27 April 2020.
2.3. Observational data

Changes in NO2, O3 and PM2.5 concentrations are rst pre-
sented at the surface measurement sites available in Italy and
Switzerland (by sampling the model cells belonging to each
measurements sites, Section 3.2), as well as for the entire Po
Valley and Swiss Plateau regions (Section 3.3); these two regions
were subsetted by selecting model grid cells below 650 meters
above sea level (asl), for each of the two regions they belong to.
Measurement sites were additionally used to provide a bench-
mark for model evaluation for the CAMx-LOCK scenario
(Section 3.1) based on daily averages data.

Data for Italy was retrieved from the Agenzia Regionale per la
Protezione Ambientale Emilia-Romagna (referred to as ARPAE)
database (https://www.arpae.it/), whereas the National Air
Pollution Monitoring Network (referred to as NABEL) database
© 2021 The Author(s). Published by the Royal Society of Chemistry
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(https://www.bafu.admin.ch/bafu/de/home.html) was used for
the Swiss measurements.

Fig. S2 and Table S1† report the spatial distribution, char-
acteristics, and locations of the stations used for the analysis.
Since lockdown measures have largely affected the trans-
portation sector, we additionally included stations classied as
urban and suburban, despite the rather coarse resolution of the
model, but excluded elevated sites (i.e. above 1000 meters) and
mountain sites.
3. Results
3.1. Model evaluation

Model performance was evaluated for the CAMx-LOCK scenario
in terms of mean bias (MB), mean gross error (MGE), root mean
square error (RMSE), index of agreement (IOA), Pearson corre-
lation coefficient (r), mean fractional bias (MFB), and mean
fractional error (MFE) (Table S2†) and compared against the
metrics proposed by Boylan et al.,25 and EPA26 (Table S3†). We
computed the daily mean concentrations from hourly
measurements for each day included in the simulations (i.e. 8
March – 27 April 2020) and calculated the statistics of the
model-observation pairs obtained from all monitoring stations
data at once (therefore avoiding averages of the single station
metrics).

Modeled O3 concentrations were well reproduced by the
model, and both the EPA model performance goals and criteria
were met (Table 1).26 The model tends to slightly underestimate
the daytime O3 peaks and to over predict the night time levels,
as indicated by the diurnal prole in Fig. S3† which might be
attributed to an underestimation in O3 precursors (i.e. NOx and
VOCs), therefore affecting the overall model O3 production
efficiency,6 as well as to the too strong dilution of the lower
layers of the atmosphere. Almost the complete observational
datasets were reproduced within the 1 : 2 lines (Table 1 and
Fig. 2).

NO2 concentrations were generally underestimated (Table 1)
with around 50% of the data points within a factor of two
(Fig. 2), consistent with previous modeling study performed in
Europe with the CAMx model6,27,28 as well as with other recent
applications covering the same period.29 Such underestimation
is particularly evident during daytime, which might indicate
a too strong dilution of the lower layers of the atmosphere
(Fig. S3†). Correlation coefficient is relatively higher for the
ARPAE (Italy) stations. Both the MB and MGE are in the same
Table 1 Model performance evaluation for the daily mean concentration
MGE and RMSE are in mg m�3 (8 March – 27 April 2020). FAC2 refers to

Region Species FAC2 MB MG

Italy (ARPAE) NO2 0.56 �5.35 5.8
O3 1.00 �2.35 10.1
PM2.5 0.81 �0.40 6.6

Switzerland (NABEL) NO2 0.49 �7.82 8.9
O3 0.99 0.58 11.2
PM2.5 0.91 �0.84 2.9

© 2021 The Author(s). Published by the Royal Society of Chemistry
absolute ranges suggesting a systematic negative bias in NO2

concentration (about 5 mg m�3 on average). At the NABEL
stations (Switzerland) the MB and MGE tend to differ to a larger
extent (in absolute terms) which suggest a possible compensa-
tion between underestimation and overestimation at the
investigated sites (as also indicated by the lower correlation
coefficient, i.e. around 0.4, compared to the ARPAE data).

Model performance for NO2 is inuenced by (i) uncer-
tainties in emission inventories (Oikonomakis et al.,6) and (ii)
model resolution that might not capture the full emission
strength, especially at urban sites, where local emissions are
spatially very inhomogeneous. Additionally, uncertainties in
NOx emission from road transport were rated as C (C corre-
sponds to a typical error range of 50 to 200%) by the European
Environment Agency.30 In this study the model resolution
corresponds to about 7–10 km, which is too coarse to represent
the concentrations gradient of heavily polluted sites located in
the Po Valley, as well as sites located in complex topography
regions like southern Switzerland. During the lockdown
period, for example, concentrations up to 80 mg m�3 were
observed around the urban background sites of the Milan area,
whereas rural stations reported concentrations around 15 mg
m�3 (Guevara et al.,24). A comparison with the study of Menut
et al.,29 conducted at 20 km grid resolution over the European
domain with the CHIMERE model, also indicated similar
performance for NO2 concentrations, with substantial under-
estimations at multiple European sites (i.e. in different coun-
tries), and with even larger underestimations when using
emissions data representative of the lockdown scenario.
Additionally, Guevara et al.,24 compared the model perfor-
mance of the MONARCH v1.0 model for NO2 during the
COVID-19 lockdown periods for several European stations
taken from the European Environmental Agency (EEA) data-
base, and with emission datasets based and scaled from the
Copernicus Atmosphere Monitoring Service (CAMS). Their
analysis indicated that at several Italian urban sites, located
near the metropolitan area of Milan, NO2 concentrations were
substantially under predicted in the COVID-19 lockdown
scenario (23 March to 26 April), but also during pre-lockdown
periods (20 January to 20 February). The latter, was mainly
attributed to the inability of the model to reproduce the strong
atmospheric stability conditions of the Po Valley region.
Underestimation in NO2 concentrations were also reported for
several other rural sites in Italy during both pre-lockdown and
strict lockdown periods (Guevara et al.,24).
s of the chemical species in the CAMx-LOCK scenario. The units for MB,
the percentage of points between a factor of 2

E RMSE r IOA MFB (%) MFE (%)

8 7.99 0.74 0.55 �29.09 38.10
4 12.67 0.69 0.62 �1.04 10.82
0 9.83 0.41 0.47 �0.08 27.72
5 11.48 0.39 0.39 �33.79 40.01
5 13.83 0.64 0.60 2.01 12.16
9 4.08 0.73 0.67 �0.87 19.34

Environ. Sci.: Atmos., 2021, 1, 228–240 | 231
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Fig. 2 Scatterplots of daily averagemodeled vs. observed surface concentrations of NO2, O3 and PM2.5 at the ARPAE (left panel) and NABEL (right
panel) networks (8 March – 27 April 2020).
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The underestimation of NO2 concentrations in such areas
might have several effects on the production of secondary
species, and specically: (i) reduce the titration of O3 concen-
trations during night time, resulting in an over prediction of O3,
(ii) reduce the production efficiency of O3 during day time
(Oikonomakis et al.,6) and (iii) acting as limiting agent for the
production of particulate nitrate (see Section 3.3).

The total PM2.5 concentrations were satisfactorily repro-
duced by the model (Table 1), and both the model performance
232 | Environ. Sci.: Atmos., 2021, 1, 228–240
goals and performance criteria proposed by Boylan et al.,25 were
met with more than 80% of the data points reproduced within
a factor of 2 (Table 1 and Fig. 2). PM2.5 concentrations are
generally underestimated in the model, indicating uncer-
tainties in the emissions sources or secondary formation
pathways. The relatively low temporal correlation coefficient
observed at the ARPAE stations can indicate possible error
compensation between the PM2.5 components, with the MB
found to be around�0.4 mgm�3 but aMGE around 6.60 mgm�3.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Boxplots of absolute changes (i.e. CAMx-LOCK – CAMx-BAU) and relative changes in NO2, O3 and PM2.5 concentrations at all, rural and
urban sites. ARPAE network, left panels, and NABEL network, right panels (8 March – 27 April 2020).
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The latter effect was less pronounced at the NABEL stations (MB
of around �0.84 mg m�3 and MGE around 2.99 mg m�3, result-
ing in higher correlation coefficient respect to the ARPAE sites,
i.e. around 0.73).
3.2. Impacts of the lockdown on NO2, O3 and PM2.5

concentrations at ARPAE and NABEL stations

Fig. 3 shows the absolute and relative changes in modeled NO2,
O3 and PM2.5 concentrations at the ARPAE and NABEL stations
described in Section 2.3 and differentiated by station type (e.g.
urban, rural and all sites). At the ARPAE sites, the model indi-
cates reductions between 22% and 43% in NO2 concentrations
(absolute changes between 0.3 and 7.4 mg m�3). Reductions
were larger in urban areas (Fig. 3), and mainly localized along
major traffic highways and highly populated areas (Fig. 4 and
S4†). The model reproduced the NO2 diurnals prole (Fig. S3†),
and results show that most of the reductions occurred during
rush hour traffic peaks.

O3 showed an increase by up to about 15% (up to 7 mg m�3),
especially localized along areas where reductions in NO2

concentrations were the largest (Fig. 4). Such increases largely
occurred during nighttime (Fig. S3†). As NO decreases, the
depletion of O3 during nighttime proceeds less efficiently,
resulting in more O3 available at night particularly around
© 2021 The Author(s). Published by the Royal Society of Chemistry
urban areas and major highways (Fig. 4 and S4†). The impli-
cations of the increase in oxidant levels are discussed in
Sections 3.3 and 3.4.

Despite the large reductions in the emissions from the
transport sector, differences in PM2.5 concentrations were
found to be rather minimal. PM2.5 was reduced by �3 to 8%
with absolute reductions by up to 1.4 mg m�3 (Fig. 3). The
differences in PM2.5 concentrations appear to be less localized
compared to the one of NO2 and more distributed over the
entire Po Valley region (Fig. 4) with absolute differences below 2
mg m�3 on average (Fig. 3). These results are in line with the
relative changes retrieved by comparing 2020 measurement
data with available historical data, i.e. 2016–2019 period (Shen
et al.,31).

At the NABEL sites, the results are generally in line with the
ones discussed for the ARPAE sites, but the impact of the
lockdown on air quality was less pronounced, given the less
stringent lockdown measures in Switzerland compared to Italy
(Fig. S1†). The model indicates reductions in NO2 concentra-
tions to be around 12% and 27% (Fig. 3), especially during
traffic rush hours (Fig. S3†).

A slight increase in O3 concentrations was also indicated
at the majority of the stations, by up to almost 4% (i.e.
around 2 mg m�3 in Basel) (Fig. 3 and 2). Similarly, PM2.5
Environ. Sci.: Atmos., 2021, 1, 228–240 | 233
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Fig. 4 Modeled NO2, O3, and PM2.5 average absolute changes (i.e. CAMx-LOCK – CAMx-BAU) over the CAMx domain (8 March – 27 April 2020).
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showed very little changes compared to the CAMx-BAU
scenario: i.e. in the range of 3 and 10% (Fig. 3). Larger
absolute reductions occurred closer to Italian boarder (i.e. at
Fig. 5 Relative differences in NO2, PM2.5, POA, EC, NO3
�, SO4

2�, NH4
+ a

scenarios. Po Valley, left panel, and Swiss Plateau, right panel (see Fig. S2†
(not altered in the CAMx-COVID scenario).

234 | Environ. Sci.: Atmos., 2021, 1, 228–240
the Magadino-Cadenazzo measurement sites, with the
model indicating an average absolute reduction of around
1.3 mg m�3).
nd SOA concentrations between the CAMx-COVID and the CAMx-BAU
for the details on the regions). The PM2.5 also includes crustal materials

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.3. Impacts of lockdown measurements on concentrations
of PM2.5 components in the Po Valley and Swiss Plateau
regions

The main reduction in PM2.5 can be related to the decrease in
particle nitrate (NO3

�), elemental carbon (EC) and particle
ammonium (NH4

+) (Fig. 5 and 6). The model indicates
a reduction in EC of about up to 29% over the Po Valley, and
14% over the Swiss Plateau (Fig. S5†). These results are in line
Fig. 6 Absolute changes (i.e. CAMx-LOCK – CAMx-BAU) concentration
March – 27 April 2020).

© 2021 The Author(s). Published by the Royal Society of Chemistry
with the study of Evangeliou et al.,32 which suggested a decline
in black carbon (BC) emissions in Europe of around 11% (20%
for Italy) as compared to the same period during the 2015–2019
climatological data. Similarly, model results indicated a reduc-
tion in NO3

� concentrations of around 20% and 11% for the Po
Valley and the Swiss Plateau regions, respectively (Fig. 5 and
S5†). With the reduction of NOx, the HNO3 production was
reduced (see next Section 3.4), resulting in lower particulate
s of POA, EC, NO3
�, NH4

+, SO4
2� and SOA over the CAMx domain (8

Environ. Sci.: Atmos., 2021, 1, 228–240 | 235
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Table 2 Modeledminimum (min), mean andmaximum (max) absolute
differences (mg m�3) (i.e. CAMx-LOCK – CAMx-BAU) for the Po Valley
and Swiss Plateau regions (8 March – 27 April 2020)

Species

Po Valley Swiss Plateau

Min Mean Max Min Mean Max

O3 �1.84 2.40 8.75 �0.70 0.34 1.86
NO2 �9.25 �3.19 �0.38 �2.91 �1.47 �0.55
PM2.5 �1.84 �1.16 �0.53 �0.59 �0.43 �0.27
POA �0.21 �0.05 �0.01 �0.03 �0.02 �0.01
EC �0.52 �0.13 �0.03 �0.09 �0.05 �0.02
NO3

� �1.09 �0.76 �0.33 �0.36 �0.27 �0.17
SO4

2� �0.01 0.00 0.01 �0.01 0.00 0.00
NH4

+ �0.31 �0.22 �0.10 �0.11 �0.08 �0.05
SOA �0.06 0.02 0.11 �0.04 �0.02 0.00
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nitrate concentrations. The average absolute reduction in NO3
�

was �0.8 mg m�3 and less than 0.3 mg m�3, over the Po Valley
and the Swiss Plateau, respectively (Fig. 6 and Table 2). We
acknowledge that the modeled reduction of NO3

� concentra-
tions might have been inuenced by the under prediction in the
modeled NO2 concentrations, which might act as a limiting
agent, and therefore possibly over predicting such a reduction.
The absolute reductions in NO3

� concentrations over the
“Greater Milan” area are lower compared to the surrounding
areas despite being the area which exhibited the largest
reduction in NO2 concentration (Fig. 4). Additionally, the model
did not indicate any substantial changes in NH3 concentrations
(Fig. S6†). The mild increase in NH3 concentrations is likely
related to the reduction of NOx emissions which leaves more
ammonia in the gas-phase,33 as also suggested by additional
studies in Beijing.34

No substantial changes in SO4
2� concentrations were pre-

dicted either in the Po Valley, or in the Swiss Plateau regions
(Table 2). This differs from previous study performed over the
Chinese domain which indicated a substantial increase in the
production of particle sulfate during lockdown periods.8 Such
discrepancy might be related to (i) the extent of which NOx

emissions were reduced (i.e.) a reduction of up to 80% in NOx

emission were considered in the study of Le et al.,8 and (ii) the
availability of sulfuric acid (H2SO4) molecules that can be
neutralized by ammonia (NH3). Europe has experienced
substantial reductions in sulfur dioxide concentrations (SO2,
a sulfuric acid precursor) starting from the early '90 s, rapidly
bringing the concentrations to very low values.35 This might not
be the case for regions such as China where, despite constant
improvements in several air quality indicators, sulfur contain-
ing species are still abundant due to the extensive use of coal as
a principal commodity of the energy market.36

Modeled SOA concentrations showed a mild increase over
the Po Valley (around 1% on average, Fig. 5 and S5†) and
especially over the “Greater Milan” area (around 6% increase in
SOA concentrations) and along major highways, whereas the
model indicated no substantial difference in SOA over the Swiss
Plateau.
236 | Environ. Sci.: Atmos., 2021, 1, 228–240
3.4. Chemical Process Analysis (CPA) application over the
“Greater Milan” area

The Chemical Process Analysis (CPA) tool,10 provides in-depth
information on the physical and chemical processes occurring
during a CAMx run. CPA results were analyzed over the “Greater
Milan” area for cells where the O3 enhancements were predicted
to be larger than 15% (Fig. S4†). We tagged specic reaction
pathways (Table S4†), involved in the formation of SOA, cNO3

and HNO3 and we reported the analysis for the full period of the
simulation (8 March – 27 April 2020). The diurnal changes for
the different chemical reactions are reported in Fig. 7.

An increase in SOA concentrations was predicted by the
model mainly for the anthropogenic fraction of SOA during
daytime hours (Fig. 8) and in areas where substantial reductions
of NO2 concentrations occurred. Because anthropogenic SOA
precursors from traffic were also reduced in our simulations,
this suggests that an increase of the oxidation capacity of the
atmosphere might have compensated for such a reduction.

A decrease in the production of nitric acid (HNO3-prod)
during the lockdown period can be seen throughout daytime
hours, mainly because of the reduced NO2 oxidation with cOH
(NO2wOH, Fig. 7). An analysis of both the modeled cOH radicals
concentrations and cOH production rates, indicated substantial
increases, by 55% and 25% respectively, during daytime hours,
i.e. 9:00–15:00 UTC.

We also report the analysis of three main pathways of $OH
radicals as available in the model: (i) the reactions of oxygen in
the excited states with water, i.e. O(1D) + H2O, (ii) the reactions
of O3 with VOCs (e.g. isoprene, alkenes, terpenes) and (iii) the
photolysis of chemical species such as HONO, HNO3, and H2O2

(among others). Using the PA tools we observed that the model
did not indicate any substantial changes between the two
scenarios (Fig. S7†). Additionally, the model calculated an
increase in both the concentrations and production rates of the
cHO2 radical (formed in the model as a sub-product of the
reactions of VOCs with the cOH radicals), with production rates
up to 38% more compared to the business as usual scenario
during day time hours (Fig. S8†). Likely, as NO2 emissions were
reduced, the reactions of VOCs against cOH radicals are favored,
leading to the mild increase in SOA concentrations, as well as to
the additional production of cHO2. As cHO2 can rapidly
recombine with O3 and NO2 to reform cOH, we hypothesize that
this could explain the modeled increase in the cOH production
rates. Also, the emission model estimates that the relative
contribution of traffic related VOCs in the Po Valley is around 5
to 15%, and with total toluene emissions reductions being
around 15% (Fig. S9†). This suggests that a large pool of VOCs is
still available to react with cOH during the lockdown period.

A very small increase in HNO3-prod is noticeable during
traffic rush hours peak (Fig. 7), i.e. around 5:00 and 18:00 UTC,
as well as in the production rate of the nitrate radical cNO3

during these hours (Fig. S8†). This resulted in an additional very
small increase in the production rate of N2O5 (NO3 to N2O5) and
therefore in the production rate of HNO3 via heterogeneous
chemistry (N2O5wH2O) during nighttime hours when the
photolysis of cNO3 is inhibited. This counterintuitive behavior
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Diurnal variations of HNO3-prod (a), NO2wOH (b), OHwVOC (c), cOH (d), and cOH-prod (e) over the “Greater Milan” area (8 March – 27
April 2020). Units are in ppb h�1 for the reactions and in ppt for the cOH concentrations.
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might be explained by the decrease of NO emissions and the
simultaneous increase in O3 concentrations. As NO emissions
are quickly reduced aer the enforcement of the lockdown, the
depletion of cNO3 to NO2 is also reduced (i.e. cNO3 + NO /

2NO2) therefore increasing its availability. Additionally, the
reduced O3 titration at night (see Section 3.2) enhanced the
© 2021 The Author(s). Published by the Royal Society of Chemistry
availability of O3 levels which is rapidly converted to cNO3 (O3 +
NO2 / cNO3 + O2), as also suggested by Huang et al.9 This non-
linear behavior (i.e. reduction in NOx emissions and increase in
cNO3 radical) might be important in counteracting the reduc-
tion in particle nitrate concentrations especially in areas where
larger reduction on NOx occurred, like the “Greater Milan” area,
Environ. Sci.: Atmos., 2021, 1, 228–240 | 237
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Fig. 8 Diurnals variations of ASOA concentrations (a) (mg m�3) and BSOA concentrations (b) (mg m�3) for the “Greater Milan” area (8 March – 27
April 2020).
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compared to the surrounding areas which experienced lower
emission reductions. During daytime hours, CPA indicates an
overall decrease in the production rate of cNO3 (Fig. S8†) due to
the changes in NO2 and O3 concentrations and probably, to
a lesser extent, due to the reduced oxidation of HNO3 against
the cOH radical.

CPA additionally indicated a very small increase in biogenic
SOA (BSOA) concentrations during nighttime hours, which we
attributed to the increased reactions of VOCs with the cNO3

radicals at night. Fig. 8 also illustrates substantial differences
between the diurnal cycles of ASOA and BSOA concentrations.
ASOA concentrations peak at around noon in both scenarios,
whereas BSOA concentrations are enhanced during nighttime,
and rapidly decrease during daytime hours. Such behavior
might reect the different origins of the ASOA and BSOA frac-
tions over the “Greater Milan” area during this period. Being an
area characterized by intense anthropogenic activities, the local
sources might play an important role for building up concen-
trations, therefore explaining the daytime peaks. Additionally,
ASOA is likely more limited by the availability of the oxidant
whereas a large fraction of BSOA is more likely to react with the
oxidants and to be characterized by long range transport.
Therefore, their concentrations can be largely modulated by the
planetary boundary layer dynamics, in absence of a strong local
production.
4. Conclusions

We performed a sensitivity analysis with the CAMx model to
investigate the effects of lockdown restrictions on gas-phases
and particulate matter concentrations. Two different emission
scenarios were prepared to perform the analysis: the rst
scenario, referred to as CAMx-BAU, based on standard TNO
emission inventories and the lockdown scenario, referred to as
CAMx-LOCK, where emissions from the transportation sector,
i.e. on-road traffic, were scaled based on mobility data available
from different sources. The analysis was performed for two
different regions sharing similar orographic characteristic, i.e.
the Po Valley (Italy) and Swiss Plateau (Switzerland) regions.
238 | Environ. Sci.: Atmos., 2021, 1, 228–240
Our results indicated a substantial decrease in the nitrogen
dioxide (NO2) concentrations, up to around 46 and 25% for the
Po Valley and Swiss Plateau regions, respectively. Such reduc-
tions were larger in urban areas compared to rural ones.
Conversely, O3 concentrations showed an increase in areas
where substantial NO2 emissions took place. Such non-linear
behavior was attributed to the less efficient O3 titration.
Despite substantial decreases in NO2 concentrations, the model
indicated rather small changes in the PM2.5 concentrations.
Particulate nitrate (NO3

�), elemental carbon (EC) and particu-
late ammonium (NH4

+) were the PM2.5 components that
exhibited the highest reductions in both regions, whereas the
model suggested almost no changes in the particulate sulfate
concentrations (SO4

2�) and a mild increase in secondary
organic aerosol (SOA) concentrations over the Po Valley region,
and especially over the “Greater Milan” area (up to 6%).

The analysis of tagged chemical reactions, conducted with
the Chemical Process Analysis (CPA) tool, indicated an increase
in the reactions of volatile organic compounds (VOCs) with the
hydroxyl (cOH) as well with nitrate radicals (cNO3), in areas
where substantial emission reduction took place (i.e. the
“Greater Milan” area), partially counteracting the reduction of
primary emitted components.

Data availability

The air quality model is available from http://www.camx.com.
Measurements used for model evaluation were obtained from
the ARPAE database which is available from https://
dati.arpae.it. The model data can be obtained upon request
from the corresponding authors.
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emission reductions for atmospheric chemistry modelling
in Europe during the COVID-19 lockdowns, Atmos. Chem.
Phys., 2021, 21, 773–797.

25 J. W. Boylan and A. G. Russell, PM and light extinctionmodel
performance metrics, goals, and criteria for three-
dimensional air quality models, Atmos. Environ., 2006, 40,
4946–4959.

26 EPA, Guidance on the use of models and other analyses for
demonstrating attainment of air quality goals for ozone,
PM2.5, and regional haze, US Environmental Protection
Agency, Office of Air Quality Planning and Standards, 2007.

27 B. Bessagnet, G. Pirovano, M. Mircea, C. Cuvelier,
A. Aulinger, G. Calori, G. Ciarelli, A. Manders, R. Stern,
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