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Urban air pollution is a substantial threat to human health. Traffic emissions remain a large contributor to air
pollution in urban areas. The mobility restrictions put in place in response to the COVID-19 pandemic provided a
large-scale real-world experiment that allows for the evaluation of changes in traffic emissions and the corre-

EI(I)I:]SIS]I)OTZ sponding changes in air quality. Here we use observational data, as well as modelling, to analyse changes in
Nitrogen dioxide nitrogen dioxide, ozone, and particulate matter resulting from the COVID-19 restrictions at the height of the
Ozone lockdown period in Spring of 2020. Accounting for the influence of meteorology on air quality, we found that
Europe reduction of ca. 30-50 % in traffic counts, dominated by changes in passenger cars, corresponded to reductions in

median observed nitrogen dioxide concentrations of ca. 40 % (traffic and urban background locations) and a ca.
22 % increase in ozone (urban background locations) during weekdays. Lesser reductions in nitrogen dioxide
concentrations were observed at urban background stations at weekends, and no change in ozone was observed.
The modelled reductions in median nitrogen dioxide at urban background locations were smaller than the
observed reductions and the change was not significant. The model results showed no significant change in ozone
on weekdays or weekends. The lack of a simulated weekday/weekend effect is consistent with previous work
suggesting that NOx emissions from traffic could be significantly underestimated in European cities by models.
These results indicate the potential for improvements in air quality due to policies for reducing traffic, along with
the scale of reductions that would be needed to result in meaningful changes in air quality if a transition to
sustainable mobility is to be seriously considered. They also confirm once more the highly relevant role of traffic
for air quality in urban areas.

1. Introduction

Air pollution is the world’s largest environmental risk for human
health. A recent study with updated hazard ratio functions focused on
the effects of outdoor air pollution (rather than both outdoor and indoor
air pollution) attributed 8.9 million premature deaths to fine particulate
matter (PM2.5; particles with an aerodynamic diameter of 2.5 pm or
less) globally in 2015 (Burnett et al., 2018). This is substantially larger
than the earlier estimate provided by the Global Burden of Disease study
of 4.2 million premature deaths globally, also attributed to ambient
PM2.5 in 2015 (Cohen et al., 2017). This suggests that outdoor air
pollution is an even more important population health risk factor than
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previously thought (Burnett et al., 2018). Using the updated hazard ratio
functions from Burnett et al. (2018), Lelieveld et al. (2019) attributed
790,000 premature deaths to air pollution annually in Europe. The
World Health Organization (WHO) air quality guidelines are often
exceeded in urban areas throughout Europe (EEA, 2020). Additionally,
exceedances of the nitrogen dioxide (NO3) limit values at traffic moni-
toring stations are a particular problem for many European countries
owing mainly to the prevalence of diesel passenger cars, among other
factors (EEA, 2019).

More recently, studies investigating the relationship between
COVID-19 and air pollution have shown that areas with higher air
pollution lead to greater COVID-19 mortality rates (Cole et al., 2020;
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Copat et al., 2020; Lopez-Feldman et al., 2021; Pozzer et al., 2020;
Travaglio et al., 2021). For example, Pozzer et al. (2020) showed that 15
% of COVID-19 mortality is attributable to anthropogenic air pollution
worldwide. In Europe and Germany, 19 % and 26 % of COVID-19
mortality, respectively, was attributed to anthropogenic air pollution.
These results have implications for policy and show that to foster sus-
tainable cities that can build greater resilience for pandemics such as this
one, clean air is a critical resource.

In response to the pandemic, many countries implemented different
types of policy measures to limit the spread of the disease. These mea-
sures generally had a strong effect on mobility and specifically road
transport emissions. From a scientific perspective, the COVID-19 ‘lock-
down’ policies provided a unique opportunity to evaluate substantial
reductions in road transport and the subsequent effect on air quality as a
large scale ‘real-world experiment’ that also reflects the potential of
policies aimed at reducing road transport (Grange et al., 2020). The
changes in road transport emissions allowed for an evaluation of what
certain reductions in (mainly) passenger car traffic would change in
terms of air quality, not only using observational data, but also model-
ling. And the changes in road transport emissions were substantial. As
outlined by Guevara et al. (2020) an average at EU-30 level of 33 %
reductions in NOx emissions was estimated. In addition, for NOx,
NMVOCs, and PM2.5 more than 85 % of the total reduction in urban
areas was attributable to road transport. However, there are confound-
ing factors, such as meteorology and atmospheric chemistry that need to
be accounted for to appropriately isolate the change attributed to the
reduction in road transport (Kroll et al., 2020). While a slew of studies
have been published that address changes in air quality during periods
of ‘lockdown’ during the COVID-19 pandemic, some do not address the
influence of these factors (e.g. Gama et al., 2021; Sicard et al., 2020b).
Other studies that do consider, for example, the effect of meteorology,
have shown that not accounting for these effects can substantially alter
the amount of change in air pollution attributed to reductions in traffic
emissions (Goldberg et al., 2020; Menut et al., 2020; Ordoénez et al.,
2020).

In this paper we provide insights into (1) the potential for urban air
quality improvements given reductions in transport emissions, and (2)
the capacity of regional models to accurately predict changes in air
quality based on emissions changes. In both cases, our overall aim is to
leverage the potential from the COVID-19 lockdown measures in
providing a real-world experiment to understand the effect of potential
policies, and the dramatic change in emissions from passenger cars in
urban areas on changes in air quality. To address these aims we have
analysed air quality data from the city network of monitoring stations, in
combination with traffic count data from five stations in Berlin. A
classification of meteorological conditions was carried out to account for
the influence of weather on air pollutant concentrations. Finally, an
urban scale air quality model was run for Berlin using standard emis-
sions and emissions adjusted to account for the decrease in traffic
observed during the lockdown. These results were compared to the
observational data to better understand how well the model performs
predicting changes observed in the real world. The combination of these
analyses is then used to provide a perspective on the capacity and lim-
itations of models for projecting policy impacts, as well as assessing the
scale of the policies that would be needed to adequately address NO5
limit value exceedances that are a current problem for urban areas
across Europe.

2. Methods
2.1. Berlin and lockdown

Berlin is the capital city of Germany with a slowly growing popula-
tion of just over 3.7 million people (2019) in an area of 892 km? at a

mean elevation of just 34 m above sea level. In 2018, 48.9 % of
households in Berlin owned one or more passenger cars and 74.7 %
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owned one or more bicycles." While Berlin has one of the lowest per
capita car ownership rates for cities in the western world, it is still
plagued by the usual issues in urban areas, including traffic jams, traffic
accidents, and a large amount of urban space (58 % of Berlin’s public
street space (Creutzig et al., 2020)) devoted to car traffic and parking.
The city also has multiple public transport options, including bus, tram,
subway (S-Bahn), and underground (U-Bahn), in addition to being well
connected on the regional European rail network, and internationally
with two airports.

Throughout Germany, on average 57 % of trips are carried out with a
car, 10 % with public transit, 11 % by bicycle, and 22 % by walking (data
from 2017) (BMVI, 2018). If considered in terms of kilometres travelled,
the amount travelled by car increases to 75 %, to 19 % for public transit,
and only 3 % each for kilometres travelled by bicycle or walking na-
tionally. However, the bigger the city, the fewer trips that are carried out
by car and greater number carried out by public transport, bicycle, and
walking, with car trips on average for metropolitan areas in Germany at
28 % (BMVI, 2018). In Berlin, by comparison, the modal split (from
2018/2019) is 26 % car, 27 % public transport, 18 % bicycle, and 30 %
walking (Gerike et al., 2019).

In response to the COVID-19 pandemic, the city of Berlin (also its
own federal state), started to shut down certain types of businesses,
including gyms, clubs, bars, and cultural facilities on March 14, 2020.
Three days later all schools and day cares were also closed. Exceptions
were made for the children of parents with certain types of professions
that were deemed ‘essential,” such as nurses and doctors, people who
worked in grocery stores, and similar. As of March 21, all restaurants
and cafes were also closed, remaining open only for take-out. With the
contact restrictions put into place on March 22, the period of full lock-
down was begun. In Berlin, in contrast to many cities in Europe, people
were still allowed to go outside for walks and recreation and did not
need permits. However, any type of gathering in public places was not
allowed, and more than two people were not allowed to meet, with the
exception of families, households, or partners. This period of ‘full lock-
down’ remained in place until April 20, at which point, some non-
essential businesses were allowed to reopen, given that they had suffi-
cient hygiene rules in place. A general overview of the timeline is given
in Table 1.

2.2. Observations

In all cases, observational data were processed for 2016-2020, and
subsequent analysis focused on differences in the core lockdown period
between 22 March and 21 April for 2020 compared to 2016-2019.

2.2.1. Traffic

Hourly traffic counts for passenger vehicles and trucks” were ob-
tained from the city of Berlin (Senate Department for Environment,
Transport and Climate Protection) for five stations that correspond to
the locations of five air quality monitoring stations classified as traffic
stations (rather than urban background or rural). The location of the
monitoring stations throughout the city can be viewed here: https://luft
daten.berlin.de/lqi. The data from the city covered all years from 2016
through the present. One station (Silbersteinstrasse) was omitted from
the analysis, as construction activities in the direct vicinity of the station
substantially altered the traffic patterns of the street starting in February
2020. The remaining four stations were analysed to understand the
changes in traffic counts during 2020 and the COVID-19 restrictions
relative to previous years. The changes in traffic counts were then used

1 https://www.statistik-berlin-brandenburg.de/BasisZeitreiheGrafik/Bas-evs.
asp?Ptyp=300&Sageb=63000&creg=BBB&anzwer=>5.

2 Traffic count data are provided as ‘LKW’ (German: Lastkraftwagen or En-
glish: truck) and ‘PKW’ (German: Personenkraftwagen or English: passenger
car).
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Table 1

Summary of lockdown phases in Berlin. Business as usual during pre-lockdown
reflects the status quo prior to COVID-19, whereas the business as usual reflects a
relatively open society after stricter measures have been lifted but still in the
context of COVID-19. Any lockdown measures associated to the ‘second wave’ in
the Fall of 2020 are not reflected.

Stage  Lockdown Start End Days  Details of lockdown
Type date date
1 Pre- - March - Business as usual
lockdown 13,
2020
2 Partial March March 7 some businesses closed,
lockdown 14, 21, some schools closed, more
2020 2020 and more establishments
close over time until the
22nd
3 Full March April 30 schools, daycares, parks,
lockdown 22, 21, all non-essential
2020 2020 businesses closed and
people not allowed to
gather beyond 2 people
with members outside of
family or household
4 Partial April June 60 contact restrictions still in
relaxation 22, 21, place, but some smaller
2020 2020 businesses allowed to
open with hygiene
measures
5 Full June - - Business ‘as usual’
relaxation 22, (hygiene restrictions still
2020 in place for businesses,
face mask requirements,
etc.)

in the model runs to scale traffic emissions for the city for 2020.

To calculate the ratios, the traffic count data was first evaluated for
anomalies, owing to possible construction or other events that would
result in non-typical traffic count data. Two short-term anomalies were
identified: (1) at the Mariendorfer Damm site passenger car traffic
counts were much lower than normal, but truck traffic was not affected,
between August 2016 and mid-February 2017, and (2) at the Frankfurter
Allee site truck traffic counts had a substantial short-term spike at the
beginning of 2016 through mid-February 2016, while car traffic counts
were not affected. These time periods were removed so as not to skew
the averages and ratios. In addition, changes to the traffic patterns on
Karl-Marx-Strasse affected the traffic counts so that data from 2016 to
2018 represents the previous street design, while 2019 onward repre-
sents a different layout. For this reason, only 2019 data from Karl-Marx-
Strasse was used to compare to 2020 values. Following the data clean-
ing, average values were calculated for each site for car traffic counts,
truck traffic counts, and a total vehicle count, by month for Monday to
Thursday (typical working days), Friday, Saturday, and Sunday to
establish characteristic hourly traffic profiles by month and weekday. In
this way, the emissions from traffic for the 2020 model run that reflected
COVID-19 reductions were reduced based on changes in observed
hourly traffic counts. The average traffic counts were calculated by
month for each weekday and hour. Previous years were compared to the
2020 data to calculate the ratios. These ratios were then applied to scale
the traffic emissions, applying the average reduction across the road
transport sector. An average reduction was applied out of necessity,
given that sufficient data to apply reductions in traffic by vehicle types
and/or age was not available. Given that detailed data was not available,
these ratios were assumed to be sufficiently representative for the
change in road transport sector emissions and therefore applied to scale
the traffic emissions in 2020. Furthermore, using hourly and day of week
ratios ensured that, for example, Saturdays in March were reduced by
the ratio characteristic for Saturday traffic count data in March from
previous years relative to 2020 Saturdays in March, rather than a simple
date comparison where the dates from previous years would not
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correspond to the same weekday in other years. This is relevant as
patterns in traffic count data show substantial differences in weekdays in
comparison to weekends.

2.2.2. Meteorological classification

A classification of synoptic meteorological patterns (SMP) was car-
ried out for the region located between 40°W and 50°E and 20°N-80°N
in the period January 2016-July 2020. To this end a non-hierarchical k-
means cluster analysis method was applied for classifying sea level
pressure (SLP) daily fields into similar groups, representing the main
circulation types of air masses over central Europe. This is an iterative
algorithm that partitions the data by comparing each object to each of
the k cluster centers by a dissimilarity measurement. It is one of the
statistical methods most widely used for classification of atmospheric
circulation patterns (Huth et al., 2008 and references therein). Some
recently published papers have demonstrated the robustness of the
k-means cluster analysis method for characterizing atmospheric pro-
cesses with high impact in air quality levels at a study area, such as
long-range transport of African dust over regions of the western Medi-
terranean basin (Salvador et al., 2014), the transport and NOy back-
ground concentration over regions of the Iberian Peninsula (Valverde
et al., 2015) or the development of high air pollution episodes and new
particle formation processes in the Madrid metropolitan area (Salvador
et al., 2021).

In fact Belis et al. (2019) recommended the use of classifications of
atmospheric circulation patterns using SLP data fields, for discrimi-
nating periods under stagnant meteorological conditions, which usually
lead to urban high-pollution episodes. In these cases high levels of NO,
and of other air pollutants originated in local emission sources are
frequently reached, giving rise even to exceedances of air quality
guidelines. This is a highly relevant factor that should be taken into
account in any study focused on urban air pollution like the present one.

First, SLP global fields at 12 UTC derived from the National Centre
for Environmental Prediction/National Centre for Atmospheric
Research (NCEP/NCAR) Reanalysis dataset (Kalnay et al., 1996) pro-
vided by NOAA/OAR/ESRL PSD, USA were obtained for all the days of
the period of study. Data were distributed in each field in a 2.5° latitude
x 2.5° longitude global grid. Those data contained in the region located
between 40°W and 50°E and 20°N-80°N were downloaded, resulting in
925 SLP grid points for each daily field.

Then, the k-means cluster analysis was carried out. This method
comprises 4 stages (Belis et al., 2019):

Stage 1: an initial partitioning of the SLP fields is defined: k daily
fields representing different representative synoptic meteorological sit-
uations in the study area are selected as initial seeds or cluster centers. In
this study the 8 synoptic meteorological scenarios obtained from a
cluster analysis of back-trajectories performed in sites of central Europe
by Salvador et al. (2010) were used as initial cluster centers. They rep-
resented the main atmospheric circulation patterns that occur over
central Europe and showed a marked seasonal pattern, with fast west-
erly and northerly Atlantic flows developing during winter and weak
circulation flows in summer. Spring and fall were characterised by
advection of moderate flows from northeastern and eastern Europe.

Stage 2: calculate the change in the clustering criterion that result
from changes in membership and reassign SLP fields. Hence, the
Euclidean distance from each field j to each cluster-center k is calculated
for every grid-point value of their 861 SLP observations and summed.
Finally, the SLP field is assigned to the cluster with the smallest total
distance from its cluster center.

Stage 3: recalculate the cluster centers after all the SLP fields have
been examined and assigned. The cluster centers are recalculated as the
arithmetic mean of all members of any cluster.

Stage 4: repeat the steps 2 and 3 iteratively until no SLP field changes
its cluster assignment.

A script in FORTRAN was created to implement the non-hierarchical
k-means cluster analysis, once it was performed, composite synoptic
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maps were thus obtained by averaging all the SLP fields allocated in each
group, grid-point by grid-point.

2.2.3. Air quality

Air pollutant observations were retrieved from all 16 monitoring
stations that comprise the Berlin air quality monitoring network (Berlin
Luftgiite Messnetz, BLUME) for the period 2016 through mid-2020. The
data retrieved were hourly data for NOy, O3, and PM10. All measure-
ments meet the criteria and guidelines set by the European Air Quality
Directive (EC, 2015) and undergo quality checks before being officially
reported and made public. Data coverage was greater than 90 % for all
time periods included.

An initial analysis of air pollutant concentrations was carried out by
monitoring site type (traffic, urban background, and city periphery).
This analysis used the concentrations as given and did not account for
meteorological influence, simply comparing median values and the
differences in median values during the core lockdown period.

Subsequently, the median concentrations for each SMP during the
lockdown period were calculated for 2020 and 2016-2019. Based on
these SMP classified concentrations, ratios in the median NO, concen-
trations, as well as weighted mean and weighted standard deviations of
the median NO5 concentrations were calculated for the lockdown period
in 2020 and 2016-2019. The weighting reflected the relative occurrence
of the different SMP. Finally, when calculating the difference between
the weighted averages to assess the change between 2020 and
2016-2019, the standard deviation was propagated as error. If the error
overlapped with zero the differences were considered to be insignificant.
Statistical significance between concentrations in 2020 and 2016-2019
were tested with the Wilcoxon-Mann-Whitney U test and the
Kolmogorov-Smirnov test (results in SI). Previously stated data coverage
conditions were met, with the exception of MC 174 (Frankfurter Allee)
for which only 55 % of data were available for SMP 8 in 2020. This data
was retained in the analysis, as it did not influence the overall outcome.

2.3. Modelling

The WRF-Chem model version 3.9.1 (Fast et al., 2006; Grell et al.,
2005) was used to simulate the concentrations of trace gases and aero-
sols. For this purpose, we have set up two nested domains, using a 15 km
grid spacing for a coarser domain that covers Europe, and 3 km grid
spacing for an inner domain centred over Berlin. Previous work by Kuik
et al. (2016) has shown that resolutions finer than a 3 km grid spacing
over Berlin did not produce any significantly better model performance
for simulation of the urban background concentrations of NOx and Os.
Veratti et al. (2020) also showed that a grid having a spatial resolution of
3 km over Modena (Italy) is better suited to reproduce the observed NOy
concentration than a grid having 1 km resolution. The vertical co-
ordinates use 35-sigma stretched levels, with a ~30 m above surface and
12 levels located within 3 km of the ground. The main physical and
chemical model options selected for this study are listed in Table 2.

Table 2
Main physical and chemical options applied in the simulations.
Process/Variable Option in WRF-Chem Reference
Microphysics Morrison double-moment Morrison et al.
scheme (2009)
Cumulus parameterization Kain-Fritsch Kain (2004)
Longwave radiation Rapid Radiation Transfer Mlawer et al.
Model (1997)
Shortwave radiation Dudhia scheme Dudhia (1989)
Boundary layer YSU scheme Hong et al. (2006)

parameterization

Surface layer scheme Monin-Obukhov Jimenez et al.

(2012)
Gas-phase chemistry MOZART Pfister et al. (2011)
mechanism
Aerosol module GOCART Chin et al. (2002)
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Initial and boundary conditions for the meteorological parameters
are taken from the ECMWF reanalysis. Biogenic trace gas emissions are
calculated online using the MEGAN model (Guenther et al., 2006).
Anthropogenic emissions of CO, NOx, SO, NMVOCs, PM10, PM2.5, and
NHj are obtained from the 2015 CAMS regional emissions (CAMS--
REG_v2.2.1) with spatial resolution of 6 km x 6 km,® the National
emissions for Germany (UBA-GRETA) for 2015 at 1 km x 1 km hori-
zontal resolution” and the highly resolved city of Berlin emissions for
2015 provided by the Berlin Senate. The lockdown emissions were
calculated using a set of emission reduction factors for Europe computed
at BSC (Guevara et al., 2020) that varies per day, country and sector. In
addition, for the urban area of Berlin, we used hourly emission reduction
factors for the traffic sector based on traffic counts, as described in
section 2.b.i. The NOx emissions used in the model scenarios are shown
in Fig. 1.

Previous work using the WRF-Chem model for Berlin has shown
consistent underestimation of the observed concentrations of NOx (Kuik
et al., 2018), and has linked this to a potential underestimation of NOx
emissions from road transport. An underestimation of traffic NOx
emissions in the inventories commonly used as input for modelling
studies over Europe has also been identified in several other studies (e.
g., Karl et al., 2017; Lee et al., 2015; Oikonomakis et al., 2018). In the
present study, we use the unprecedented reduction in NOx emissions
from the road transport sector during the COVID-19 lockdown as an
additional test of the ability of the model to simulate the change in the
ozone production regime associated with the emission reduction. A
comparison of modelled and observed NO5 and O3 concentrations with
the observations is shown in Figure S6.

3. Results

Given that almost all exceedances of NO- limit values occur at traffic
air quality monitoring locations, and we are using the COVID-19 context
to explore the potential of changes in traffic to influence air quality in
the city, the focus in the analysis will be on these sites, within the
broader context of changes across the city overall using the urban
background stations. Furthermore, while we will briefly address changes
in PM10 and Os, as other studies have shown, and we also find, the
largest changes are generally observed for NO5 (e.g., Briz-Redon et al.,
2021; Menut et al., 2020).

3.1. Traffic count data

Here we outline the results from the traffic count data from four
traffic counting and air quality monitoring sites. The change in traffic
counts at these stations is shown in Table 3. As demonstrated by this
data, there was a substantial decrease in passenger car traffic and a
somewhat lesser decrease in truck traffic. Overall, total traffic counts are
dominated by passenger car counts. Trucks represent only 3 to 10 % of
the total counts at any of the sites. The reductions in passenger car traffic
ranged from 31 to 44 %, while truck traffic decreases ranged from 7 to
38 % during the core lockdown period in 2020 relative to the same
period in 2016-2019. Overall, the total vehicle count across all four sites
during the core lockdown period was 36 % lower in 2020 compared to
the previous four-year average. In addition, reductions in vehicle counts
were 10 to 16 % greater on weekends than during weekdays. This re-
flects the greater restrictions with respect to the travel freedom of in-
dividuals. We assume that any changes in traffic counts related to
weather are negligible.

3 https://eccad3.sedoo.fr/.
* https://www.umweltbundesamt.de/deutschland-karten-zu-luftsch
adstoff-daten#undefined.
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Fig. 1. Total NOx emissions (mol km™ hr'!) used in the model from all source sectors for the base run (top right), the ‘lockdown’ run (top left), and the difference
(bottom left) in the emissions, as well as the diurnal cycle (bottom right) for the base run (red) and lockdown run (blue). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

Table 3

Changes (%) in traffic counts during the full lockdown period at four traffic count stations in Berlin. 2020 changes are calculated compared to 2016-2019 averages.

Upper and lower bounds based on 95 % confidence intervals.

Station Passenger Cars Trucks Total

Weekday Weekend Weekday Weekend Weekday Weekend
Schildhornstrasse 41 (38; 44) 52 (49; 54) 23 (16; 30) 23 (11; 32) 40 (37; 42) 50 (47; 53)
Mariendorfter Damm 31 (28; 34) 46 (44; 49) 6 (-3; 13) 11 (-2; 21) 30 (27; 32) 45 (42; 47)
Frankfurter Allee 33 (31; 36) 49 (46; 52) 33 (25; 40) 49 (32; 59) 33 (31; 36) 49 (46; 52)
Karl-Marx-Strasse” 27 (22; 31) 43 (39; 46) 19 (4; 29) 36 (19; 47) 26 (21; 30) 42 (38; 46)
Average 33 (30; 36) 47 (44; 50) 20 (11; 28) 29 (15; 40) 32 (29; 35) 47 (43; 49)

@ The changes for Karl-Marx-Strasse are calculated compared to 2019 values only owing to construction that changed the pattern of the street and reduced traffic in

2019 relative to 2016-2018.

3.2. Meteorological classification

Eight SMP were obtained, which represent the average situation at
12 UTC during any day of each cluster. They are shown in Fig. 2. In
addition, the main features of each SMP are summarized in Table 4.
Their main features and prevailing seasonal development resemble very
well with those determined in the study of Salvador et al. (2010). For
more information on the meteorological classification and the impact of
the different SMP on the mean levels of air pollutants in Berlin see
Section S2 in the supplemental information. These results strongly
suggest that the SMP were correctly identified. Namely, the highest
levels of primary anthropogenic air pollutants, NO, CO and NO; were
registered during days under meteorological situations characterized by
the presence of high-pressure systems in winter and autumn (SMP-2 and
SMP-3). Otherwise, the highest daily mean levels of O3 were obtained
during those SMP that were more frequently produced in the spring and
summer periods and had associated the lowest levels of NOx (SMP-4,
SMP-5 and SMP-7).

The fraction of days during the core lockdown period that corre-
sponded to the different SMP is also shown in Table 4. Comparing
2016-2019 with 2020, we see some similarities in that the overall SMPs
1 through 4 are less prevalent, and that SMPs 5 through 8 are more
prevalent during both time periods. For both, SMP 8 is the most common
with 33 % and 39 % of days for 2016-2019 and 2020, and occurrence of
SMP 6 is similar, with 14 % and 12 %, respectively. For SMP 5 we see a
greater prevalence in 2020, accounting for 24 % of days (10 % in
2016-2019) and a greater prevalence for SMP 7 during the 2016-2019
period with 31 % of days (10 % in 2020).

3.3. Air quality (without consideration of meteorology)

The median air pollutant concentrations and the simple difference in
medians by site type are summarized in Table 5 and S1 respectively. It is
worth noting that generally, for all site types, the concentrations in 2019
are substantially lower (higher) than the previous years for NO; (O3).
Despite gradual changes in air pollution concentrations over the years,
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Fig. 2. Synoptic meteorological patterns (SMP) resulting from the circulation classification procedure applied to sea level pressure fields at 12 UTC for the period Jan

2016-Jul 2020.

Table 4
Meteorological classifications.
SMP  Main features Seasonal Fraction of
development days
between 24
March and
21 April
2016-19 and
2020
1 Strong baric gradient across western, Winter 0.01 0
central and northern Europe. Fast W
flows.
2 High pressures in central Europe. Slow  Winter/Autumn 0.03 0.04
SE-SW flows.
3 High pressures in western Europe Winter/Autumn 0.03  0.08
extended across France and Germany.
Slow NW flows.
4 Weak baric gradient over central and Summer 0.05  0.03
eastern Europe. Slow W flows.
5 High pressures in northern Europe. Spring/Autumn 0.10 0.24
Moderate N-NE flows
6 High pressures in northern Europe Autumn/Spring 0.14  0.12
extended towards the E. Moderate E
flows.
7 Weak baric gradient over central and Spring/Summer 0.31 0.10
eastern Europe. Moderate S flows at the
850 mb level.
8 Strong baric gradient across N Europe. Spring/Autumn 0.33  0.39

Fast NW-N flows.

which can be linked to the implementation of emission reduction pol-
icies, the difference in 2019 relative to previous years is a larger change,
which also demonstrates the influence of meteorology in determining

Table 5
Median air pollutant concentrations over the 22 March — 21 April time period by
year.
2016 2017 2018 2019 2016-2019 2020
avg
Traffic NO, (n = 5) 49.4 44.2 43.0 30.2 41.6 22.0
Traffic NO, (n = 4)" 49.5 45.5 42.0 30.0 41.8 23.5
Urban Background 23.7 21.2 21.0 16.0 20.4 11.6
NO
City Periphery NOy 10.2 9.0 10.1 8.6 9.2 6.2
Traffic PM10 22.8 23.6 31.3 25.6 25.6 20.8
Urban Background 18.0 18.0 24.2 21.3 20.7 16.7
PM10
City Periphery PM10 147 147 21.0 19.0 17.3 15.7
Traffic O3 - - - 63.0 63.0 69.0
Urban Background 51.5 56.5 58.5 67.0 58.5 72.5
O3
City Periphery O3 58.5 65.1 63.0 70.2 64.6 74.6

? Limited to the four traffic air quality monitoring stations where traffic counts
were also measured.

pollutant concentrations (in addition to the influence of ongoing policy
measure developments). More specifically, in 2019, a disproportionately
large amount of ‘clean’ air masses originated from the north were
observed during winter and spring (more days under SMP 7, and to a
certain extent under SMP 1 and SMP 6), which was not typical of any of
the other years. This difference in meteorological conditions over
Europe in 2019 has also been noted by other studies (Barré et al., 2020).
This is carried through and is also visible in the simple differences in
medians (Table S1), where the reductions (increases) in NO5 (O3) that
are observed are much smaller for 2019-2020 in comparison to earlier
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years. Furthermore, the PM10 concentrations in 2018 are also higher
than in the other years. Considering 2016-2019 as the baseline for
comparison rather than individual years, at the four air quality traffic
stations that also have count data, a reduction in the median concen-
tration of 18 pg m™ is observed for NO,. However, while there is a
general consistency in concentrations across years, some of the larger
differences indicate the necessity of accounting for the influence of
meteorology. Through subsetting into similar SMP we assume that the
NO; stability dependence on solar radiation is accounted for.

3.4. Air quality observations (accounting for meteorological influence)

3.4.1. Nitrogen dioxide

The comparison of air pollutant concentrations at traffic sites in
Berlin, grouped by the SMP, is shown in Fig. 3 (weekdays) and Fig. 4
(weekend days). Across all synoptic conditions, with the exception of
weekend values at the Frankfurter Allee station for SMP6, Figs. 3 and 4
show reductions in NOg in 2020 relative to the same time period for the
previous years. Comparing the median ratios of NO, concentrations in
2020 relative to the previous years by SMP, we see that the range of
ratios for the four traffic sites is 0.10 to 0.92 on weekdays and 0.25to 1.1
on weekends (Table S2). For interpreting the ratios, the closer to 1 the
more similar 2020 values were to the previous four years. The differ-
ences in median concentrations for the 2020 lockdown period to the
previous years have quite a large range, showing reductions from 3 to
55 pg m’> for weekdays and -2 to 28 pg m> for weekends across the four
traffic sites. (Negative values in this case represent an increase relative
to previous years.) As a weighted average, with weighting correspond-
ing to prevalence of the SMP, the difference between 2020 during the
lockdown period and the previous four years during the same period
ranged from 15 to 22 pg m™ on weekdays and 9.0 to 17 pg m™> on
weekends (see Table 6). Overall, the average 33 % (47 %) reduction in
passenger car traffic and 20 % (29 %) reduction in truck traffic, lead to
39 % (42 %) reductions in SMP-weighted NO, concentrations during
weekdays (weekends).

The changes in the observational data from the five urban back-
ground monitoring stations are shown in Table 7. These reflect the SMP-
weighted changes in NOy concentrations. The observed reductions

(a) SchildhornstraBe, Weekdays
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ranged from 34 to 54 % on weekdays and 16 to 41 % on weekends.

3.4.2. Ozone

The SMP-weighted average of the median concentrations for ozone
for the 2020 lockdown period compared to previous years is shown in
Table 8. Only one traffic station had ozone data, and the change
observed between both periods was not significant. Ozone showed an
increase (20 % and 24 %) in concentrations in 2020 relative to the
earlier years during weekdays at the two urban background monitoring
stations where data was available. The weekend data showed no real
change at the urban background stations, despite the observed decrease
in NO at urban background stations on weekends. The increase in O3 (at
least for weekdays) is likely a result of a reduction in the NO titration
effect (that is, the consumption of O3 that takes place in urban areas as a
result of the titration reaction with the emitted NO to form NO5 and O5),
where owing to the reductions in NOx emissions, an increase in O3 re-
sults. This weekday weekend difference in O3 could be owing to a
number of factors. For one, the smaller NOx peak during the morning
hours on the weekend may mean that ozone production is less inhibited
than on weekdays and therefore allows greater ozone formation (Blan-
chard et al., 2008). For two, we do not have information on the changes
in non-methane volatile organic compounds, that also play a crucial role
in ozone photochemistry and could be affecting this difference. How-
ever, local photochemistry at this time of year would likely be somewhat
more limited, indicating that a combination of changes in the regional
background and local titration are more plausible explanations. Finally,
Guevara et al. (2020) found that in Paris and Berlin, non-traffic sources
contributed ca. 23 % to total NO, reductions; these non-traffic sources
with substantial contributions to total emissions included power gen-
eration, and to a lesser extent industry and other stationary combustion.
There were lesser reductions in these sectors with different
weekday-weekend patterns that could also affect the subsequent dif-
ference in O3 concentrations.

3.4.3. Particulate matter

At the four traffic and three urban background monitoring stations
where PM10 data was available, a reduction in concentrations was
observed in 2020 relative to the earlier years (Tables S3 and S4).
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Fig. 3. Observed NO, weekday concentrations from 22 March — 21 April in 2016-2019 (left box & whisker within gray bar) and 2020 (right box & whisker within
the same gray bar) classified by SMP for the four air quality monitoring stations corresponding to the traffic count stations.
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Fig. 4. Observed NO, weekend concentrations from 22 March — 21 April in 2016-2019 (left box & whisker within gray bar) and 2020 (right box & whisker within
same gray bar) classified by SMP for the four air quality monitoring stations corresponding to the traffic count stations.

Table 6

Weighted mean and weighted standard deviation of the median NO, concentrations (pg m™>) during the 2020 lockdown period (22 March — 21 April) compared to
2016-2019 averages, as well as difference (2016-2019 minus 2020), for the four air quality stations corresponding to the traffic count locations across all SMP.
Weighting is based on the prevalence of the different SMP. Stdev was propagated as error. Percent change shown as a reduction in 2020 relative to earlier years; not
shown if error overlaps with zero. Negative difference and % change values indicate an increase.

Station Weekdays Weekends
2016-2019 2020 Diff. % Change 2016-2019 2020 Diff. % Change
Schildhorn-strasse 44 +£ 5.4 23 £5.0 22+7.4 49 32+5.5 18 £ 8.6 15+ 10 45
Mariendorfter Damm 46 + 14 32+ 10 15+ 17 - 32+11 20 +9.8 12 +15 -
Frankfurter Allee 40 + 8.5 24+7.0 16 +11 32 25+ 6.9 16 + 10 9.0 £12 -
Karl-Marx-Strasse 47 £ 12 29+9.3 18 + 15 37 35+7.5 18 +£8.7 17 £11 48
Table 7

Weighted mean and weighted standard deviation of the median NO, concentrations (ug m™®) during the 2020 lockdown period (22 March — 21 April) compared to
2016-2019 averages, as well as difference (2016-2019 minus 2020), for the five urban background (ub) and three rural (r) air quality stations across all SMP.
Weighting is based on the prevalence of the different SMP. Stdev was propagated as error. Percent change shown as a reduction in 2020 relative to earlier years; not
shown if error overlaps with zero. Negative difference and % change values indicate an increase.

Station Weekdays Weekends
2016-2019 2020 Diff. % Change 2016-2019 2020 Diff. % Change

Wedding (ub) 24 +5.2 16 + 4.1 83+6.6 34 19 +5.9 15 + 8.0 42+99 22

Schéneberg (ub) 20 + 3.0 13+ 3.2 7.5+ 4.4 37 18 + 3.5 12 + 5.6 5.4 +6.6 30

Neukolln (ub) 21 + 3.2 124+ 3.1 8.8+ 4.4 42 16 £ 3.0 14 £ 8.0 2.6+85 16

Mitte (ub) 22+ 4.9 9.9+24 12+ 54 54 17 + 4.5 10+ 5.7 6.9+7.2 41

Karlshorst (ub) 16 + 3.5 10 + 2.8 6.4+ 4.4 39 12429 10 + 5.7 1.9+ 6.4 16

Hasenholz (r) 82+1.3 6.6 + 2.0 1.6 + 2.3 - 74+13 54+15 2.0+2.0 27

Liitte (r) 5.7 + 0.74 4.1+0.88 1.6+ 1.2 28 5.0+ 1.2 32+1.1 1.8+ 1.7 36

Neuglobsow (r) 2.6 +0.72 2.0 +0.28 0.59 £ 0.77 - 2.8 +0.55 2.0 £ 0.0 0.79 £ 0.55 28
However, the differences are not significant in that the standard devi- evening peaks are sometimes missed. The overall underestimation by
ation propagated as error indicates an overlap with zero. WRF-Chem of NO, in Berlin has been noted in previous work (Kuik et al.,

2018). Consistent with the modelled results for NO,, the model some-
what overestimates ozone relative to the observations at the urban
background sites, although the diurnal cycle is captured well
(Figure S2). The over- or underestimates, however, will be consistently
carried through both scenarios and therefore should not have a large
influence on the estimated change in concentrations. Evaluation of

3.5. Model results and comparison with observations

The WRF-Chem modelled NO, concentrations for the lockdown
period are shown in Figure S1. The model generally underestimates the
observed NO,, while the morning peaks are underestimated, and the
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Table 8

Atmospheric Environment: X 12 (2021) 100122

Weighted mean and weighted standard deviation of the median O3 concentrations (ug m™) during the 2020 lockdown period (22 March — 21 April) compared to
2016-2019 averages, as well as difference (2016-2019 minus 2020), for the urban background (ub) and rural (r) air quality stations across all SMP. Weighting is
based on the prevalence of the different SMP. Stdev was propagated as error. Percent change shown as a reduction in 2020 relative to earlier years; not shown if error
overlaps with zero. Negative difference and % change values indicate an increase.

Station Weekdays Weekends

2016-2019 2020 Diff. % Change 2016-2019 2020 Diff. % Change
Wedding (ub) 58 +7.8 72 £5.7 -14 +£9.7 -24 64 + 12 64 + 23 0.69 + 26 -
Neukoélln (ub) 62 + 5.7 74 £ 4.2 -12+7.1 -20 64 + 9.6 65 + 23 -0.38 + 25 -
Hasenholz (r) 65 + 6.0 74 £ 6.7 9.7 £ 9.0 -15 67 +£5.2 79 £ 6.2 -12 + 8.0 -17
Liitte (r) 64 + 8.0 75 £5.1 -11 £9.5 -17 62 + 11 76 + 4.8 -14 £12 -23
Neuglobsow (r) 69 + 8.8 79 £5.6 9.7 £11 - 71 +£11 76 + 8.5 -5.0 + 14 -

modelled concentrations against observations using statistical scores
including mean bias (MB), normalized mean bias (NMB) and the cor-
relation factor between simulated and measured values (R) is presented
in the supplementary material (please see Section S3, including Table S7
and the subsequent discussion). In this work, we focus on comparison of
the modelled changes in pollutant concentrations with the observed
changes, rather than absolute concentrations.

The modelled changes in NO; concentrations, which represent
changes in the urban background over the city (rather than at traffic
sites), are summarized in Table 9 for the five urban background moni-
toring locations in Berlin and shown in Fig. 5. The model results show
the change between a business-as-usual case and the 2020 lockdown
case where emissions were scaled to reflect changes in traffic, and other
sectors, resulting from the lockdown policies implemented. The changes
in traffic for the urban area of Berlin were scaled based on observed
changes in the traffic counts in the city (see methods section). While the
model results showed percentage reductions in urban background me-
dian NO5 concentrations consistent with the reduction in traffic counts,
none were statistically significant due to the large model underestima-
tion of the urban background NOs itself (Table 9). The difference in
reductions modelled during the week and on weekends was minor.

When comparing the observations to the model results for NOo, the
observed changes generally show greater reductions during weekdays,
and overall larger ranges than those in the model results. This is likely at
least in part because reductions in traffic emissions for the model sim-
ulations were applied uniformly across the city.

In terms of the modelled change in ozone (Fig. 5), data were
extracted for the two urban background monitoring sites where obser-
vational data is also available (Table 10). The model simulates a small
(about 3 pg m™) decrease in ozone in the lockdown-adjusted 2020
simulation compared with the BAU simulation at urban background and
nearby rural background stations. The modelled changes were not sig-
nificant. There was no difference in the modelled reductions on week-
days versus weekends. These results contrast those from the
observations (Table 8), where increases in O3 were observed at the two
urban background sites (20 and 24 %) on weekdays and no changes
observed on the weekends. The lack of a strong increase in modelled

Table 9

ozone, as well as the lack of a weekday/weekend effect in either the
change in simulated ozone or the absolute amount of simulated ozone is
consistent with the model incorrectly simulating the ozone chemical
regime. The model fails to simulate the NOx-saturated (ozone titrating)
chemical regime which is indicated by the observations. The model
failure to simulate NOx saturated conditions is consistent with the model
underestimation of observed NO; (Figure S1 and previous work by Kuik
et al., 2018) and the model overestimation of ozone (Figure S2). Kuik
et al. (2018) showed that emissions of NOx from the road traffic sector in
Berlin could be underestimated by up to a factor of 3.

The small decrease in modelled urban and rural background ozone
under lockdown is consistent with the broader reduction in the simu-
lated regional background ozone concentration (Fig. 5), which is itself
consistent with the Europe-wide reduction in ozone precursor emissions
(Guevara et al., 2020) as well as a general reduction in global hemi-
spheric background ozone during the lockdown period (Steinbrecht
et al., 2021). The reduction in rural background ozone near Berlin is not
observed in the SMP-adjusted observations at rural background moni-
toring sites (Table 8).

4. Discussion

As highlighted by previous studies, ignoring the influence of mete-
orological factors when attributing air quality changes to COVID-19
policies (reductions in traffic) can substantially influence the esti-
mated change (e.g. Barré et al., 2020; Petetin et al., 2020). For this
reason, we focus only on the meteorologically adjusted observations and
model results from our study and results from literature studies that
similarly account for this in the context of the discussion.

An analysis of the emission changes in Europe owing to the COVID-
19 lockdown measures showed that changes in urban NO; emissions
were dominated by the changes in traffic. While changes in traffic still
dominated for Berlin, Guevara et al. (2020) found that ca. 23 % of total
NO, reductions observed in their analysis were from non-traffic sources
(similarly so for Paris), which was a higher contribution from non-traffic
sources than most other cities evaluated. The speed of reductions also
varied, in that abrupt drops in NO, concentration were observed in

Median and standard deviation of the modelled NO, concentrations (ug m™>) during the 2020 lockdown period (22 March — 21 April), for a business as usual (BAU)
case and 2020, reflecting the changes in emissions owing to lockdown policies, for the five urban background (ub) air quality stations in Berlin and three rural (r) air
quality stations outside the city. Negative difference and % change values indicate an increase.

Station Weekdays Weekends
BAU 2020 Diff. Percent change BAU 2020 Diff. Percent Change

Wedding (ub) 6.3+ 4.6 39+34 2.4+57 - 52+ 44 3.2+32 19+54 -
Schoneberg (ub) 8.3+49 5.8+ 3.5 25+6.0 - 6.6 + 4.7 4.1 +34 25+5.8 -
Neukoélln (ub) 7.0+ 5.4 5.1+ 3.9 2.0 +6.7 - 4.4+ 4.8 3.0+36 1.4 £6.0 -
Mitte (ub) 5.8 +£47 43+34 1.5+58 - 3.5+46 25+3.6 1.1 £58 -
Karlshorst (ub) 6.2 +5.3 4.6 + 4.2 1.5+6.7 - 3.9+4.2 2.7 +3.1 1.2 +5.2 -
Hasenholz (r) 3.1+42 19+24 1.2 +48 - 2.0 £26 19+22 0.10 + 3.4 -
Liitte (r) 3.4+32 20+1.9 1.4+37 - 2.7 £3.0 1.6 +£1.8 1.1 +£35 -
Neuglobsow (r) 2.6 +24 1.5+1.7 1.2+ 3.0 - 1.6 £ 3.3 1.0+1.4 0.61 + 3.6 -
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Fig. 5. Modelled concentrations of NO2 (top row) and O3 (bottom row), including (from left to right) the business-as-usual scenario, the lockdown scenario, the
difference in concentration as a percent, and the difference in concentration as an absolute value.

Table 10

Median and standard deviation of the modelled O3 concentrations (ug m?>) during the 2020 lockdown period (22 March — 21 April), for a business as usual (BAU) case
and 2020, reflecting the changes in emissions owing to lockdown policies, for the two urban background (ub) air quality stations in Berlin and three rural (r) air

quality stations outside the city. Negative % change values indicate an increase.

Station Weekdays Weekends

BAU 2020 Diff. % Change BAU 2020 Diff. % Change
Wedding (ub) 92+ 15 89 +13 3.0 +20 - 95 + 19 92 +18 3.7 £26 -
Neukolln (ub) 92+ 15 88 +£13 3.7+£20 - 96 + 20 92 +18 3.6 +27 -
Hasenholz (r) 94 + 16 91 + 14 2.8 +21 - 98 + 18 95 + 20 3.0 +27 -
Liitte (r) 95 + 15 94 + 14 1.2+21 - 98 + 19 99 +19 1.2+ 27 -
Neuglobsow (r) 94 + 13 93 +£15 1.0+ 20 - 97 +£ 16 100 + 19 -3.0 + 24 -

Madrid and Paris, whereas the decreases were somewhat more gradual
in Milan, Berlin, and London (Guevara et al., 2020).

Generally, the largest reductions were observed in urban areas across
Europe. Briz-Redon et al. (2021) estimated reductions in NO; levels of
ca. 20 pg m™> or more across 10 cities in Spain during their major
lockdown period. Petetin et al. (2020) also evaluated changes in NO, at
ca. 50 urban background and traffic monitoring sites across Spain using
a machine learning model and attributed a ca. 50 % reduction to the
lockdown measures on average; for Madrid the reductions were -39 %
(-14 pg m®) at urban background locations and -59 % (-20 pg m™) at
traffic locations, similar to results of Briz-Redon et al. (2021). Barré et al.
(2020) estimated median reductions in NO; levels between ca. 20 and
40 % depending on the methodology used, including satellite total
column estimates, modelled estimates, and machine learning estimates
based on both observational and satellite data, during the core lockdown
period. Grange et al. (2020) used machine learning to compare a
counterfactual, business-as-usual air quality time series to changes
during the 2020 lockdown during maximum restrictions on mobility
across 102 urban areas in 34 countries in Europe. They found that NOy
decreased on average 34 % (-11 pg m™) at traffic and 32 % (-7 pg m™>) at
urban background locations. Furthermore, their estimates for NOy

reductions for urban areas across Germany were -29.3 % (10.5 pg m™) at
traffic sites and -21.6 % (-4.9 pg m™) at urban background sites. Menut
et al. (2020) conducted a model analysis using WRF-CHIMERE to
compare March 2020 with and without lockdown measures, finding
slightly lesser reductions in NO; in Germany and the Netherlands (-15 to
-30 %), relative to the other European countries evaluated (-35 to -45
%). Finally, Ordonez et al. (2020) used a generalized additive model to
evaluate changes in observed daily maximum NO, concentrations over
Europe and found reductions that ranged from 5 to 55 % for the vast
majority of the sites, attributing the changes to reductions in emissions.
For those studies that looked at multiple countries in Europe, somewhat
smaller reductions were fairly consistently observed for Germany rela-
tive to some of the other countries, such as Italy or Spain (Grange et al.,
2020; Guevara et al., 2020; Menut et al., 2020; Ordénez et al., 2020).
The reductions observed for NO; in this study are generally in line with
those observed in the literature.

Some of the studies also evaluated changes in ozone and/or PM. For
PV, similarly to the changes estimated here, some reductions were
observed but these were generally much smaller in magnitude than for
NO; and in many cases not significant, likely owing to a much greater
diversity of sources, apart from road traffic (Briz-Redon et al., 2021;

10
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Menut et al., 2020). Menut et al. (2020) observed substantial increases
in ozone in urban areas (-2.7 % to 17.6 %) and slight reductions in rural
areas (-2.45 % to 6.60 %) across Europe (reported as national averages);
4.5 % and 0.73 % increases for urban and rural areas of Germany. The
reductions of ozone in rural areas are consistent with a general reduction
in background ozone during spring of 2020 (Steinbrecht et al., 2021).
Springtime ozone in Europe is strongly linked with long-range transport
of hemispheric background ozone (Butler et al., 2020; Jonson et al.,
2018). Grange et al. (2020) observed increases in ozone of 30 % (12 pg
m™) at traffic sites and 21 % (9 ug m™) at urban background sites across
Europe. For Germany, they estimated an increase in O3 of 37.3 % (15.1
pg m'>) at traffic sites and 16.6 % (8.8 pg m>) at urban background sites,
which is somewhat higher than the estimates of Menut et al. (2020) but
likely explained by methodological differences in the focus areas (spe-
cific monitoring sites versus urban vs rural classification of modelled
grid cells). Finally, Ordonez et al. (2020) found that O3 decreased over
the Iberian Peninsula but increased elsewhere in Europe, with 10-22 %
increases in O3 at urban background stations in North-western and
Central Europe. In this study we estimated increases in weekday O3 at
urban background sites in Berlin of ca. 22 % and no change on week-
ends; the modelled results showed no significant changes at urban
background locations, consistent with the large model underestimation
of urban background NOy also noted in earlier work (Kuik et al., 2018).
The other studies did not evaluate changes in observed concentrations
for weekdays versus weekends. In the urban areas, the ozone increases
are largely attributed to a decrease in the NO titration effect owing to the
reductions in NOx emissions from traffic (Grange et al., 2020; Ordonez
et al., 2020; Sicard et al., 2020b). Grange et al. (2020) also investigated
the overall change in Ox concentrations (NOz + Os), finding that Ox
concentrations remained constant. This indicates that the reductions in
NO, were balanced out by increases in O3, which has substantial policy
implications, which led them to the conclusion that in order to not
replace one air quality issue with another, if NOx reductions are to be
continued, parallel reductions in NMVOCs will need to be carried out to
avoid substantial increases in ozone, which are also associated with
adverse health effects. Ordonez et al. (2020) also point out that reduced
aerosol loadings during the lockdowns could have led to O3z enhance-
ments thru increased photolysis rates and/or diminished uptake of HO»
radicals that remove NO from the atmosphere. Other research has also
found that higher ozone concentrations in cities during the weekend
could be attributed to higher solar radiation favoring ozone formation in
the context of lower aerosol loadings (Sicard et al., 2020a). In the
analysis by Ordonez et al. (2020) they found that meteorological con-
ditions played a substantial role in explaining a large proportion of the
observed changes in ozone; hypothesizing as well that changes in O3
patterns could be analogue to evaluating pollution control policies
under climate change scenarios.

5. Conclusions

Here we analysed observational traffic count and air quality moni-
toring data, accounting for meteorological conditions, and applied the
WRF-Chem model with higher resolution over Berlin to evaluate
changes in NO3, O3, and PM as a result of lockdown policies associated
with the COVID-19 pandemic during the initial lockdown period in
Spring of 2020. In Berlin, Germany, traffic counts decreased by 32 % and
47 % on average for weekdays and weekends, respectively, during the
core lockdown period from 22 March — 21 April in 2020 relative to
2016-2019. Corresponding reductions in median observed NO, con-
centrations of averaged 40 % (42 %) at traffic stations and 41 % (25 %)
at urban background stations for weekdays (weekends), while modelled
reductions in median NO; concentrations were not significant at urban
background stations. This change in the observed data is in line with
previously published studies. For ozone, an increase of ca. 22 % in the
measured urban background was found for weekdays, while no signifi-
cant change was observed for weekends. The model results showed no
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significant change for weekdays or weekends. The discrepancy between
modelled and measured ozone concentration, and the lack of a simu-
lated weekday/weekend effect is consistent with the model failing to
simulate a NOx-saturated chemical regime for ozone production. This is
itself consistent with previous work suggesting that NOx emissions from
traffic could be significantly underestimated in Berlin and other Euro-
pean cities. The difficulty of models in simulating urban background
NOy concentrations and the associated ozone chemical regime should be
addressed in future work in order for models to be used as more effective
tools for assessing future reductions in urban NOy emissions.

These results indicate the potential for improvements in air quality
due to policies for reducing traffic, along with the scale of reductions
that would be needed to result in meaningful changes in air quality if a
transition to sustainable mobility is to be seriously considered. They also
confirm once more the highly relevant role of traffic for air quality in
urban areas. What these results also highlight is the complexity of at-
mospheric chemistry and the potential danger of making progress on
one air quality issue - i.e., NOy — and subsequently replacing it with a
different air quality issue —i.e., Os. To avoid this, reductions in NMVOCs
will be needed in parallel (Grange et al., 2020), although this may not be
adequate in some regions and seasons, due to the increasing importance
of regional background ozone for the exposure of urban populations,
especially in the springtime. The lack of measurements focused on
NMVOCs (and therefore also the lack of analysis in the literature that
considers this in this context) highlights a substantial gap in observa-
tions. Future analysis should, to the extent possible, aim to address this.
Furthermore, additional measurement of NMVOCs should be considered
and implemented where possible, given the complexity of the relation-
ship and need for understanding a wide range of aspects of these related
pollutants. Finally, these results also demonstrate that a reduction in
traffic will not sufficiently address the issue of particulate matter, for
which a greater diversity of sources will have to be considered.
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