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Abstract: The COVID-19 lockdown provided a unique opportunity to test the impacts of changes
in travel patterns on air quality and the environment. Therefore, this study provides insights into
the impacts of COVID-19 emergency public health “lockdown” measures upon traffic flow, active
travel and gaseous pollutant concentrations (NO, NO:z and Os) in Oxford city centre during 2020
using time-series analysis and linear regression methods. Comparisons of traffic counts indicated
pronounced changes in traffic volume associated with national lockdown periods. Car volume re-
duced by 77.5% (statistically significant) during the first national lockdown, with lesser changes in
goods vehicles and public transport (bus) activity during the second lockdown. Cycle flow reduced
substantively during the first lockdown only. These changes resulted in a reduction in nitric oxide
(NO) and nitrogen dioxide (NO:) concentrations of 75.1% and 47.4%, respectively, at roadside, and
71.8% and 34.1% at urban background during the first lockdown period. In contrast ozone (Os) con-
centrations increased at the urban background site by 22.3% during the first lockdown period, with
no significant changes in gaseous concentrations during the second lockdown at either roadside or
urban background location. The diurnal pattern of peak mean NO and NO:2 concentrations reduced
in magnitude and was shifted approximately 2 h earlier in the morning and 2 h later in the evening
(roadside) and 3 h earlier in the morning and 3 h later in the evening (urban background). Our
findings provide an example of how gaseous air quality in urban environments could respond to
future urban traffic restrictions, suggesting benefits from reductions in peak and daily NO:2 expo-
sures may be offset by health harms arising from increases in ground level Os concentrations in the

summer months.
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1. Introduction

Ambient air pollution is a major global environmental and health concern which ex-
erts direct and indirect health, environmental and economic costs on urban areas, public
and private sector organisations [1]. In urban areas, air pollution has been identified as
one of the top five causes of death, ahead of road traffic accidents and excess winter deaths
[2]. It is estimated that between 28,000 and 36,000 people die prematurely each year in the
United Kingdom (UK) due to air pollutant exposure, with an average reduction in life
expectancy of up to 6 months [3].

The continued growth of motor transportation in many urban settings in recent dec-
ades has increased concerns around the impact of transport-related air pollutant emis-
sions upon human health and the quality of the urban environment [4]. These concerns
have driven increasing demand for effective transport, emissions and air quality manage-
ment policies in UK towns and cities, with a focus upon intervention measures intended
to achieve legal compliance with legally binding air quality objectives [5] and to accelerate
the uptake of low or “zero” emission vehicles [6].

Petrol and diesel vehicle emissions are an important source of nitric oxide (NO), ni-
trogen dioxide (NO2) (the main nitrogen-containing atmospheric pollutant gases) and par-
ticulate matter (PM), including volatile organic compounds (VOC) such as benzene, alde-
hyde and polycyclic aromatic hydrocarbons (PAHs) [7,8]. Air pollutant emissions related
to road transport combustion sources also affect the formation of secondary pollutants
and oxidants, such as ozone (Os), hydroxyl radicals (OH) and peroxyacetyl nitrate (PAN),
thereby contributing to climate change [7]. Os is formed by photochemical oxidation of
VOCs in the presence of NOx with ground level Os variations influenced by the availabil-
ity of sunlight and balance between VOC and NOx levels [9]. Over the past 2 decades there
has been an increase in the probability of high mean Os concentrations in UK urban cen-
tres, attributed to reduced NOx emissions [10].

The relationship between vehicle pollutant emissions and adverse human health out-
comes is now well recognized. NOx can irritate the lungs, increasing susceptibility to acute
and chronic cardio-respiratory disease. People with chronic respiratory problems such as
asthma or chronic obstructive pulmonary disease (COPD) are more susceptible to the ef-
fects of NO2 exposure. Among children, NOx may cause longer-term damage to lung de-
velopment, limiting lung growth and capacity [11]. Epidemiological studies have consist-
ently reported an association between residential proximity to high-traffic roads and in-
creased risk of adverse health effects [12-14]. These include increased risks of asthma, low
birth weight and developmental effects, cardiovascular disease, cancer and premature
death [11,15]. Short-term exposure to ground-level Oz can also trigger inflammation of the
respiratory tract, eyes, nose and throat and cardiovascular effects have also been identi-
fied [16].

In the UK, it is estimated that around 34% of NOx emissions arise from road transport,
with further contributions from industry and domestic combustion [17]. A 2017 Defra re-
port identified that the main source of roadside NOx was motor vehicles, responsible for
approx. 80% of NOx concentrations at roadside, with diesel vehicles a major emissions
source [18]. The NOx produced by combustion is mainly NO, whether from a mobile or
stationary source, with only a small proportion as direct NO:z emissions [19]. The overall
traffic volume in built-up areas is closely related to NOxlevels [20]. Further, NOx concen-
trations in urban areas typically show greater spatial and diurnal temporal variability than
those arising from non-road sources. Reliable data regarding the impact of changes in
traffic volume and vehicle type upon local NO and NO: concentrations and understand-
ing of any potential Os increases are relevant for developing appropriate UK air quality
abatement policies.

The coronavirus disease (COVID-19), caused by Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2), emerged in China in late 2019, leading to a global pandemic
[21]. As a result of the outbreak, countries around the world rapidly adopted a series of
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emergency public health measures to contain viral transmission, including social distanc-
ing, school closures and travel restrictions [22,23]. The promulgation of these measures
was recognised to substantially impact upon local traffic volumes and related air pollution
levels, initially widely reported as positive improvements in multiple cities [24]. The UK
government introduced a series of emergency public health protection measures to con-
trol the pandemic, with a full national ‘lockdown’ implemented from 23 March 2020 [25].
According to data from the Department of Transport (DfT), by mid-April 2020, overall UK
traffic volume was reduced by about 70% [24]. In urban environments, after adjustment
for meteorological changes, the average urban NOx concentration was reported to reduce
by 30—40%, with an average NOx concentration reduction of 20-30% across UK cities [24].

Previous research undertaken by the study team in Oxford City found that reduc-
tions in roadside NO2 emissions consistent with the first lockdown period could prevent
48 lost-life years and deliver economic benefits of up to £2.5 million [26]. However, the
extent to which public health benefits arising from reduced gaseous traffic emissions
could be offset by increased Os concentrations in a low-emission future context remains
uncertain [27]. Providing effective local clean air strategies requires a clear understanding
of the local air quality benefits from primary city-level interventions. The COVID-19 lock-
down provided a unique and natural experimental opportunity to test the potential effects
of short-term traffic interventions on Oxford’s air quality and the environment.

The purpose of this study was therefore to explore the impacts of COVID-19 control
measures upon traffic levels and ambient air quality in Oxford from 1 January to 31 De-
cember 2020, with a focus upon gaseous pollutant concentrations. By integrating regula-
tory air quality monitoring data with transport mode and traffic flow data obtained from
roadside detection sensors, we consider temporal changes in roadside NO and NO: con-
centrations and urban background Os concentrations, undertaking comparisons both be-
fore, within and between lockdown periods and identifying the dominant contributors to
these changes.

2. Materials and Methods
2.1. Study Setting

Oxford is a dynamic international city, with a population of 152,450 residents and
around 34,000 students enrolled at two universities [28]. At least 46,000 people commute
into the city for work daily [29]. Oxford suffers from the recognized challenge of poor air
quality with road transport the main source of NO2 emissions [30]. In response to these
challenges, Oxford City Council declared the whole city an Air Quality Management Area
(AQMA) in 2010 and implemented a bus-based central Low Emission Zone (LEZ) from
2014 [31]. Data from the city’s existing regulatory monitoring locations indicated that, be-
tween 2016 and 2017, levels of NO: across the city fell by an average of 22.7% [32]. How-
ever, in 2019, levels remained above legal limits in six central locations [33]. Seeking to
further improve city centre air quality, Oxford City and Oxfordshire County Councils
committed to introducing a Zero Emissions Zone from February 2022 alongside stricter
emissions requirements for the bus-based LEZ introduced in summer 2020 [34-36]. The
City Council has also approved a revised Air Quality Plan, including a target of 30 ug/m?3
annual average target for NO:2 concentrations [33].

2.2. Data Sources and Processing
2.2.1. Air Quality Data

For this study, NO and NO: data for the period 1 January to 31 December 2020 were
obtained from two monitoring locations in Oxford, namely the city council operated High
Street automatic monitoring station (roadside) and St Ebbe’s urban background station,
the latter being part of the UK Automatic Urban and Rural Network (AURN) (UKA00518).
Data for Os were available at the urban background St Ebbe’s AURN site only. A map
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showing the study monitoring locations is provided in Figure 1. The roadside site is lo-
cated adjacent to High Street, 3.7 m from the edge of the road, close to the city centre and
surrounded by tourist attractions, shopping centres and residential buildings. Hourly
measured NO and NO: concentrations at the roadside monitoring site were obtained from
the Oxfordshire Air quality website [37]. The surrounding environment of St Ebbe’s (ur-
ban background) site is relatively quiet within a residential suburban area. Hourly meas-
urements of NO, NO:2 and Oz concentrations at this monitoring site were obtained from
the UK Department for Environment, Food and Rural Affairs (Defra) Automatic Urban
and Rural Network (AURN) [38].

’;’ S ? :
= Vehicle detection - P
o, Py 3 gt A vwoler Meagaow
% ‘- 'sensor logationas2o
b SR g : o i Wooge
2N W High S v Greyh
or GitviCentre gh street Y
3} LA r & S "\ Mea
[} iy cne =
N o Sareet J AT
= N s ton > & RIV S
= Mérton & o
'%. _ = i College std
- Chrict' Chire .
Westgote | ) EonstCnogn Merton v - Wity
J 5.’“\\‘0; Strese Field ’8‘}- ot
tEbbes N W
Magdalen & % 5.
College 3 : ad
School &
. ee®
St Ebbe's by _ :
the River be G = e S
o~ N o N
=) $ 0 &“-
L=~ R i g )
s | Ad144 | Christ Church g 4
Y \ Meadow — =
Hiver\Tha E
O oy Gy - Iffley-Road
k’t =5 Grandpont .{b\ = el
I Road e ———_Complex
%) P Brasenose, = -
St Ebbes 2 % College “:+, N &
=) - 3 . ~ v »
= = Leaflet | © OpenStreeiMap contributors, CC-BY-S7:

Figure 1. Map of the roadside (High Street: 51.752527, —1.250939), urban background (St Ebbe’s:
51.744806, —1.260278) AURN monitoring locations and vehicle detection sensor (51.75241, —1.25424)
in Oxford (Leaflet package, R Studio).

2.2.2. Meteorological Data

Hourly meteorological data comprising relative humidity (RH) and air temperature
(T) measured at the St Ebbe’s AURN site for 2020 (1 January to 31 December) were ob-
tained from Ricardo Plc.

2.2.3. Transport Mode and Traffic Flow Data

Transport mode and traffic flow data for the High Street location for the time period
1 January to 31 December 2020 were obtained from two ‘Vivacity Labs’ roadside vehicle
detection sensors managed by Oxfordshire County Council [39]. Hourly classified counts
were classified by transport mode (cars, motorcycles, buses, Large Goods Vehicles—
LGVs, Ordinary Goods Vehicles—OGVs, bicycles).

2.3. Timeline for Introduction of Public Health Control Measures

Information regarding the timing and specific requirements for public health control
measures was obtained from relevant national and governmental websites [40,41] and
correspondence with relevant local authority officers (Oxford City Council, Oxfordshire
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County Council). The timeline for specific policies and implementation dates is shown in
Figure 2. From 16 March 2020, social activities were not encouraged, although not explicitly
prohibited. Starting on 21 March 2020, all schools closed and on 23 March 2020 the first na-
tional ‘lockdown’ period was initiated until 15 June 2020. From 5 November 2020, the Gov-
ernment implemented the second lockdown period in England until 2 December 2020. A
third national lockdown was imposed from 5 January 2021 after a subsequent resurgence in
cases during the Christmas and New Year period. The study focuses on two national lock-
down periods in England during 2020; the first lockdown included the longest period of
public activity restrictions, while the second lockdown had a relatively shorter period (Fig-
ure 2).

Lockdown exit roadmap
[FM announced ‘roadmap’ for ending

the third national Iockdown]

5
January
2021 / Third lockdown
implemented
[PM announced stay at home
and the closure of schools to
Second closure ended most puplis]

[Second lockdown ended, although
England returend to the three-tier

restrictions sys!em] 020 ‘
5

Novembe® Second lockdown implemented
020 across England

[Mosl of the hospitality industry, including pubs and
restaurants, was ordered to close. Essential shops, i.e.
First closure ended supermarkets, and educational settings, including

nurseries, schools and universities were allowed to npen.]

ecembeN

[Non-essential shops allowed to 15
reupen] June .
020

/ November

23
M%r;g ' First lockdown
implemented March
School CIOSU res / [FM announced the first lockdown in the UK,
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closure] March '
020

7

March ® Social distancing
2020/ encouranged
[Adviced to avoid pubs, clubs, theaters and other

public institutaions]

Figure 2. Timeline of COVID-19 related specific emergency public health measures inEngland.

2.4. Statistical Analysis

In order to determine whether public health control measures were associated with
statistically significant changes in NO2, NO and Os air pollutant concentrations, an analy-
sis was undertaken to compare average levels during four defined time periods in 2020:
(i) pre-lockdown (1 January—22 March); (ii) lockdown 1 (23 March-15 June); (iii) Inter-
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lockdown between national lockdown periods—(16 June-4 November); (iv) lockdown 2 (5
November-2 December). Stepwise linear regression analysis was adopted to assess the
relationship between predictor variables: meteorological factors (RH and temperature),
transportation mode counts (motorbike, LGV —Light Goods Vehicles, OGVs- Ordinary
Goods Vehicles, bus and car counts) and the independent variable: hourly air pollutant
concentrations (NO and NO:z concentrations). Stepwise (forward and backward) selection
was undertaken by iteratively adding and removing predictor variables to obtain the sub-
set of variables resulting in the best performing model to predict pollutant concentrations.
Regression analysis was performed using IBM SPSS statistics — version 25.0 [42] and RStu-
dio programming tool was used for all further data visualisation and analysis [43].

3. Results and Discussion

3.1. Impacts of National Lockdown Measures upon Traffic Flow, Active Travel and Air Quality
in Oxford

3.1.1. Analysis of Transport Modal Share and Traffic Flow Changes during the COVID-
19 Pandemic in 2020

Figure 3 compares changes in daily transport modal share and traffic flow at Oxford
High Street for pre-lockdown, lockdown 1, inter-lockdown and lockdown 2 periods, re-
spectively, in 2020. It is evident that public health control measures exerted substantial
impact on overall daily traffic movements during lockdown 1, with a clear downward
trend for all modes after the closure measures were adopted. Overall, the daily traffic flow
for specific vehicle types: car, bus, motorcycle, OGV and LGV decreased by 77.5%, 56.0%,
67.5%, 73.8% and 40.6%, respectively, during lockdown 1, compared to the pre-lockdown
period. It is also identified that the overall daily traffic flow for specific types of vehicles
(car, bus, motorcycle, OGV and LGV) during the inter-lockdown and lockdown 2 periods
remained lower than the pre-lockdown periods (Figure 3), suggesting levels did not return
to pre-pandemic baseline at any stage of the study period after March 2020. The second
lockdown had overall lesser effects upon traffic flow with levels for all vehicle types remain-
ing high compared to the inter-lockdown period (Figure 3). Daily cycle flow had a similar
pattern to motor vehicle flow for lockdown 1 and the inter-lockdown period but showed
evidence of a reduction again during lockdown 2. These trends contrast with those reported
in Department for Transport statistics, which suggested a 300% increase in cycling from 16
March-1 June when indexed against the equivalent period of 2019, with monthly figures
remaining above baseline levels until October 2020. These differences are likely to reflect the
relatively high modal share of cycling trips for utility purposes in Oxford compared to other
UK cities, where changes in recreational cycling were more pronounced.
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Figure 3. Box and whisker plots of the traffic volume (count) for Pre-lockdown, Lockdown 1, Inter-
lockdown and Lockdown 2 periods at Oxford High Street using daily data, where (a) Car, (b) Bus,
(c) Motorbike, (d) OGV, (e) LGV and (f) cycle.

Local changes in vehicle traffic flow exceeded those reported in national figures (40%
reduction in April 2020 relative to pre-lockdown) and it is likely that traffic movements
within Oxford were heavily influenced by changes in the educational sectors, including
reduced attendance at schools, colleges and universities during term time in the first lock-
down period. The University of Oxford is the largest employer in Oxfordshire, supporting
around 33,700 jobs and, therefore, transport patterns will be strongly influenced by
measures influencing this sector [44]. Trends in goods vehicle volumes are also consistent
with those observed in other UK cities; however, the reduction in pedal cycle traffic in
both the first and second lockdown periods contrasts with an overall 45% increase at a
national level [45]. This is likely to reflect the relatively high contribution of commuting
and utility cycling trips taken by cycle among residents living in Oxford at the pre-pan-
demic baseline, with recreational cycling more likely to take place outside the city [46].
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3.1.2. Temporal Trends of Daily Mean Nitrogen Oxides and Ozone Concentrations in
2020

Figure 4 compares the daily mean NO, NO:, and Os concentrations at the High Street
(roadside) and St Ebbe’s (urban background) sites, highlighting impacts of national lock-
downs measures. Typically, concentrations of NO and NO: at the roadside site were
higher than those at the urban background site (Figure 4). The overall mean concentra-
tions of NO and NO2 in 2020 were 17.1 + 20.5 pg/m3and 26.5 + 14.0 pug/m?, respectively, at
roadside, whereas at the urban background site were 5.0 + 11.7 ug/m?and 11.0 + 7.0 ug/m?
respectively. Near the dominant emission source (e.g., vehicles at the roadside site), the con-
centration of pollutants is therefore typically higher for both NO and NO., although ob-
served differentials decreased during respective lockdown periods. It is noted that before
the first lockdown measures were implemented in 2020, the daily mean peak concentra-
tions of NO and NO:x at the High Street (roadside) site were 130.6 pug/m3and 72.1 pg/m3,
whereas the corresponding daily average peaks at the St Ebbe’s (background) site were
104.6 pg/m?and 38.5 ug/m3. The daily mean peak concentrations of NO and NO: during
the first lockdown period were 21.3 pg/m? and 45.4 ug/m?, respectively, at the roadside
site and 11.4 pg/m?® and 24.3 pg/m?, respectively, at urban background site. By contrast,
during the second lockdown, the daily mean peak concentrations of NO and NO: were
165.7 ug/m3 and 63.0 pg/m?, respectively, at the roadside site and 107.3 pg/m? and 37.1
ug/m3, respectively, at urban background sites. These differences, which are also influ-
enced by seasonal trends, suggest a more marked impact of traffic changes during the first
lockdown period upon peak roadside compared to background pollutant levels, with im-
plications for future control strategies.

Further, Figure 4 shows that the dates of the peak concentrations of NO and NO:2 at
both sites before the first lockdown period coincide, all occurring on 21 January (Tuesday
in the third week), 6 February (Thursday in the sixth week) and 6 March (Friday in the
ninth week), 2020. These were all days with minimum temperature <0 °C and, therefore,
NOx concentrations are likely to be influenced by cold start driving cycles and inversion
layer effects. We also observe similar diurnal profiles for NO and NO:on a weekly basis.

A rapid drop in daily mean NO and NO: concentrations was also observed at both
roadside and urban background sites after the first lockdown measures were introduced.
At this time, the NO2 concentration at the roadside remained elevated above the background
value, although the NO concentration on the roadside is sometimes higher than the back-
ground value and sometimes lower than the background value. This suggests that public
health control measures were not solely responsible for the NO: reduction, because the con-
centration of the secondary pollutant will be affected by many other factors, including me-
teorological conditions and contributions from sources other than vehicular traffic. It is
noted that, after the second national lockdown measures were implemented on 5 Novem-
ber 2020, daily mean concentrations of NO and NO: also decreased at both roadside and
urban background sites; however, this was not sustained, with concentrations increasing
approximately 2 weeks after restrictions were imposed (Figure 4).

In contrast to changes in daily mean temporal trends of NO and NO: concentrations,
levels of Os (measured at urban background only) increased during the first lockdown
period relative to the pre-lockdown period. Less pronounced temporal changes in Oslev-
els were observed during the second national lockdown period as compared to the inter-
lockdown period.
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Figure 4. Time series of daily mean air pollutant concentrations (a—c) at the roadside (High Street)
and urban background sites (St Ebbe’s) in Oxford from 1 January to 31 December 2020. UK national
lockdown periods shown by yellow shading.

3.1.3. Changes in Hourly Diurnal Profile of Traffic Flow and Air Quality Levels during
National Lockdowns in Oxford

This section presents the analysis of hourly diurnal changes in traffic counts for dif-
ferent vehicle types and gaseous pollutant (NO, NO: and Os) concentrations during na-
tional lockdowns in comparison to the pre-lockdown and inter-lockdown periods in 2020
(Figures 5 and 6). A clear reduction was observed in the mean hourly traffic counts for
specific vehicle types (car, bus, motorbike, OGV, LGV and cycles) during the first lock-
down as compared to pre-lockdown (Figure 5). The first lockdown also saw changes in
the traffic profile throughout the day, with a flattened morning peak of lower magnitude
for all types of vehicles. However, no changes were observed in the mean diurnal patterns
of traffic flow (for all types of vehicles) during the second lockdown as compared to the
inter-lockdown period, indicating that there was no pronounced impact of the lockdown
measures on traffic at High Street (Figure 5). Instead, during the second lockdown period,
a relatively higher magnitude of traffic volume for buses, LGVs and motorbikes was ob-
served compared to inter-lockdown.

The typical diurnal pattern of trace gases showed that the level of roadside pollutants
was strongly correlated with traffic levels (Figures 5 and 6). Notably, in comparison to
pre-lockdown, clear changes were observed in the hourly pattern of trace gases both at
roadside and urban background sites during the first lockdown (Figure 6). The NO and
NO: mean diurnal time-series were observed to be lower than pre-lockdown at both road-
side and urban background sites, where reductions for NO concentrations were more pro-
nounced, uncovering effects of lowered traffic volumes associated with closure measures.
Notably, the hours for peak mean NO and NO:2 concentrations during the first lockdown
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were shifted from the pre-lockdown pattern at both roadside (approximately 2 h earlier
in the morning and 2 h later in the evening) and urban background (approximately 3 h
earlier in the morning and 3 h later in the evening) (Figure 6). In contrast to NO and NOx,
increased concentrations of Os were observed with different hourly patterns at the urban
background site during the first lockdown compared to pre-lockdown. Interestingly, dur-
ing the second lockdown, the average daily Os time-series similar to that of NO and NO:
were observed, but with relatively higher concentrations compared to the inter-lockdown
at both roadside and urban background sites. These results clearly indicate that second
lockdown measures were not associated with reduced gaseous air pollutant concentra-
tions in Oxford, as reported previously [26]. Further, in contrast to NO and NO;, the mean
Os concentration was observed to be lower, with distinct peaks during the second lock-
down, as compared to the inter-lockdown period (Figure 6).
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Figure 5. Diurnal changes in hourly mean traffic flow by vehicle type at Oxford High Street during
pre-lockdown, lockdown 1, inter-lockdown and lockdown 2 periods in 2020. The shaded areas rep-
resent the 95% confidence interval.
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Figure 6. Diurnal changes in hourly mean air pollutant levels in Oxford during pre-lockdown, lock-
down 1, inter-lockdown and lockdown 2 periods in 2020. The shaded areas represent the 95% con-
fidence interval.
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3.1.4. Overall Changes in Gaseous air Pollutant Concentrations during COVID-19 Lock-
down in Oxford

Table 1 shows a comparison of overall daily mean pollutant concentrations during
pre-lockdown, lockdown 1, inter-lockdown and lockdown 2. In general, NO and NO:
daily mean concentrations decreased after the first lockdown measures at both roadside
and urban background sites. Although no major effects of the second lockdown measures
on air pollutants were identifiable, relatively higher daily mean concentrations of NO and
NO: were noted at both sites during the second lockdown compared to the inter-lock-
down period (Table 1). After the first closure measures were implemented, NO concen-
trations at roadside and urban background sites reduced by 75.1% and 71.8%, respec-
tively, and NO2 by 47.4% and 34.1%, respectively. However, during the second lockdown
as compared to the pre-lockdown period, overall daily mean concentrations of NO and
NO:increased by 102.6% and 22.4%, respectively, at the roadside site and 314.6% and
66.0% at the urban background site, respectively (Table 1). These differences are likely to
be due to seasonal effects, with NOx higher during the winter months. Furthermore, an
increase in the overall daily mean concentration of Oz was observed during the first na-
tional lockdown at the urban background site. Specifically, there was a 22.3% increase in
the overall daily average concentration of Os during the first lockdown period compared
to the pre-lockdown period, while the concentration declined by 25.4% from the inter-
lockdown to second lockdown period (Table 1).

Table 1. Comparisons of overall daily mean air pollutant concentrations during pre-lockdown, lock-
down 1, inter-lockdown and lockdown 2 periods in 2020, at roadside and urban background sites
in Oxford. Uncertainties are at 1 standard deviation (+10) of the mean.

Location Event NO (pg/m?) NO:2 (ug/m?)  Os (ug/m?3)
Pre-lockdown 229+259 32.1+16.6 NA
High Street Lockdown 1 57+2.8 169 +6.7 NA
Inter-lockdown 19.1+12.8 29.0+12.0 NA
Lockdown 2 38.7 +41.2 35.5+17.6 NA
Pre-lockdown 6.4+15.6 12.3+8.7 529+17.6
St Ebbe’s Lockdown 1 1.8+21 8.1+438 64.7 +11.6
Inter-lockdown 41+76 10.0+5.3 382+11.1
Lockdown 2 17.0 £ 26.1 16.6 +8.9 28.5+20.3

3.2. Factors Affecting NO and NO: Concentrations during COVID-19 Lockdowns at the Oxford
High Street Location

The outputs from the final model obtained by stepwise linear regression analysis are
shown in Table 2. Here, the unstandardized coefficient (3) shows how much NO and NO:
concentrations varies with an independent factor when all other independent factors are
constant. By contrast, a standardized Beta coefficient is representing the strength or rela-
tive magnitude of the effects of individual variables (i.e., car, bus, motorbike, OGV, LGV,
RH and temperature) to NO and NO: concentrations. The higher the absolute value of the
[3 coefficient represents the greater effect of individual predictor variables on NO and NO..
The results showed that the concentrations of hourly roadside NO and NO: concentra-
tions were significantly (p < 0.001) related to meteorological factors notably the air tem-
perature (Table 2), which had the strongest correlation in all four periods. This is con-
sistent with previous research indicating that light-duty diesel NOx emissions are highly
dependent upon ambient temperature, with lower temperatures resulting in higher NOx
emissions [47]. At the same time, under normal circumstances, the emissions of various
vehicles were closely related to the concentration of NO and NO-.
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Table 2. Stepwise linear regression analysis assessing relationship between traffic (vehicle type), meteorological factors and air pollutant (NO and
NO2) concentrations (Oxford High Street).

Unstandardized Coef- Standardized

Standard-

Variables .. . . t-Value p-Value Variables Unstandardized Coefficients ized Coeffi- t-value p-Value
ficients Coefficients .
cients
NO B Std. Error Beta NO: B Std. Error Beta
Constant 0.613 6.631 0.082 0.935 Constant 29.493 3.747 7.870 0.000
T -5.494 0.205 -0.514 -26.771 0.000 T -4.075 0.117 -0.583 -34.774 0.000
Pre- Bus 0.210 0.011 0.383 19.402  0.000 Bus 0.201 0.007 0.561 27.706 0.000
Lockdown 1 RH 0.381 0.066 0.113 5.815 0.000 Motorbike 0.264 0.029 0.167 9.124 0.000
Motorbike 0.177 0.051 0.073 3.466 0.001 LGV -0.198 0.040 -0.095 -4.999 0.000
Car 0.015 0.005 0.058 2.749  0.006 Car 0.011 0.003 0.069 3.726 0.000
RH 0.098 0.038 0.045 2.616 0.009
Unstandardized Coef- Standardized Standard-
Variables . . .. t-value p-value Variables Unstandardized Coefficients ized Coeffi- t-value p-value
ficients Coefficients .
cients
NO B Std. Error Beta NO: B Std. Error Beta
Constant 4.487 0.281 15.977  0.000 Constant 12.157 1.780 6.828 0.000
Bus 0.114 0.004 0.582 26.342  0.000 Bus 0.124 0.008 0.351 15.699 0.000
Lockdown 1 T -0.422 0.021 -0.404 -20.148 0.000 T -0.528 0.055 -0.279 -9.657 0.000
Car 0.024 0.003 0.136 7.194  0.000 Car 0.049 0.013 0.155 3.894 0.000
oGV 0.290 0.086 0.062 3.358  0.001 oGV 0.811 0.178 0.095 4.559 0.000
LGV 0.069 0.022 0.067 3.093 0.002 Motorbike 0.217 0.067 0.119 3.241 0.001
RH 0.042 0.017 0.070 2.486 0.0013
. . Standard-
Variables Unstand.ar.dlzed Coef- Stande?rfhzed t-value p-value Variables Unstandardized Coefficients ized Coeffi- t-value p-value
ficients Coefficients .
cients
NO B Std. Error Beta NO: B Std. Error Beta
Constant 18.43 0.835 22.071  0.000 Constant 18.086 0.860 21.020 0.000
Inter - Car 0.041 0.004 0.235 10.770  0.000 Car 0.039 0.004 0.224 10.014 0.000
Lockdown Bus 0.127 0.005 0.398 26.232  0.000 Bus 0.110 0.005 0.340 21.908 0.000
T -1.318 0.051 -0.390 -25.909 0.000 T -0.574 0.052 -0.169 -10.947 0.000
Motorbike 0.095 0.032 0.065 2988  0.003 Motorbike 0.269 0.033 0.183 8.201 0.000
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) . Standard-
Variables Unstand'alzdlzed Coef- Stande?rfllzed t-value p-value Variables Unstandardized Coefficients ized Coeffi- t-value p-value
ficients Coefficients .

cients

NO B Std. Error Beta NO: B Std. Error Beta
Constant -27.139 25.598 -1.060 0.289 Constant 22.820 10.757 2.121 0.034
T -8.363 0.433 -0.608 -19.328 0.000 T -3.865 0.181 -0.615 -21.396 0.000
Lockdown 2 Bus 0.366 0.034 0.393 10.843  0.000 Bus 0.215 0.015 0.506 14.616 0.000
Car 0.116 0.025 0.138 4582  0.000 Motorbike 0.403 0.088 0.176 4.576 0.000
RH 1.038 0.250 0.130 4157  0.000 LGV -0.562 0.091 -0.199 -6.181 0.000
LGV -0.621 0.218 -0.101 -2.851 0.004 Car 0.055 0.014 0.143 3.937 0.000
RH 0.243 0.0105 0.067 2.303 0.022
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The results highlight that meteorology imparts a significant effect upon pollutant
concentrations throughout the year, with lower temperatures and increased humidity as-
sociated with higher concentrations. Although buses and cars were typically the major
sources of NO and NO: emissions, this relationship was weaker during the first lockdown
and pollutants were more affected by other factors, with buses and OGVs the main emis-
sions source at this time (Table 2). This spring period also coincides with agricultural fer-
tilizer spreading: a recognized important source of NOx emissions (amongst others) [48].
The relationship between traffic factors and NO and NO: was also observed to be rela-
tively stronger during the second lockdown than during the first and inter-lockdown pe-
riods, where the contribution of buses, cars and LGVs to the pollutant concentrations was
increased significantly during the second lockdown (Table 2).

Since NOx is closely related to vehicle emissions, reducing overall daily traffic flow
is an effective method to control NOx concentrations. Policy measures intended to achieve
these changes include those which incentivize modal shift, such as redistribution of road
space to pedestrians and cyclists, parking restrictions, pedestrianization schemes and se-
lected modal filters, as reflected in the most recent Oxford Air Quality plan [49,50]. In
February 2022, a Zero Emission Zone (ZEZ) was introduced in the city centre, with
charges for non-compliant emission vehicles entering the zone between 07:00 and 19:00
daily. Although the initial zone does not include the study locations, expansion to the
whole city is planned by 2035 [51].

Although we identify that traffic reduction arising from public health control
measures had a positive effect in reducing NO and NO: concentrations, levels remained
elevated even during national lockdown periods, and broader pollution control measures
which consider contributions from non-vehicle sources and surrounding areas are also
important to achieve further improvements towards health-based limit values. To date,
air quality gains in Oxford have been achieved by introduction of bus-based emissions
control measures, including a bus-based LEZ introduced in 2014 and extended in 2020 to
require Euro VI compliance for all services operating within the city. As a result of these
measures, and advances in vehicle technology, NOx levels reduced by 29% over the time
period from 2009 to 2019 [33]. However, it is widely recognised that broader measures
will be required to achieve further incremental progress towards WHO 2021 Global Air
Quality Guidelines [52]. Further, when considering health benefits achieved by reduced
NO: concentrations, it is important to consider potential exceedances for Os limits. WHO
2021 guidelines include a 100 pg/m? 8-h daily maximum, reducing to 60 pg/m? during the
peak season, typically occurring during June or July in the UK. In Oxford, we identify
peak seasonal Os levels in the range of 50-100 pg/m3; therefore, benefits of reducing NOx
in the context of future traffic reduction measures should be considered in the context of
potential increases in Os exceedances in this context.

4. Conclusions

It is widely recognized that emergency public health control measures introduced to
prevent COVID-19 transmission have exerted a major impact on travel behaviors among
those living and working in cities in the UK. We find natural experimental evidence of the
effects of these changes upon traffic flow and ambient air quality in this case study,
providing valuable insights into future management strategies in small and medium-
sized. Overall, we identify pronounced reductions in overall traffic volume, including a
77.5% reduction in cars during the first national lockdown. Interestingly, we also identi-
fied a reduction in cycle flow during the first lockdown period, suggesting that pre-pan-
demic car trips were not being replaced by cycle trips at this specific location. We found
that buses and cars were the major sources of NO and NO: emissions on Oxford High
Street, where the contribution of buses, cars and LGVs to the pollutant concentrations was
relatively higher during the second lockdown as compared to the first lockdown period.
The first national lockdown was also characterized by substantive reductions in daily
mean NO and NO: concentrations of 75.1% and 47.4%, respectively, at roadside and from
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71.8% and 34.1%, respectively, at urban background. In contrast, daily mean NO and NO:
concentrations increased during the second lockdown compared to the pre-lockdown pe-
riod at both roadside and urban background sites. Furthermore, we identify that daily
mean Os concentrations at urban background increased during the first lockdown by
22.3%, coinciding with the warmer summer months; however, the concentration declined
by 46.1% during the second lockdown from the pre-lockdown period, coinciding with
cooler periods. Meteorology was found to be an important factor in assessing changing
pollution levels, where air temperature was closely related to NO and NO: concentrations
in addition to traffic emissions.

Importantly, shifts in diurnal pollutant concentration profiles characterized by lesser
magnitude peak concentrations were identified as occurring earlier and later in the day
compared to pre-pandemic baseline.

Our findings from this novel study utilizing real-time air quality and roadside detec-
tion sensor data in Oxford, suggest abrupt changes in personal transport demand as a
consequence of COVID-19 restrictions, resulting in reduced relative contribution of cars
and increased relative contribution of buses and goods vehicles to NO2z and NO levels at
roadside. Importantly, we identify that reduced demand for transport can mitigate peak
magnitude concentrations of transport related pollutants and indicates the importance
of future traffic reduction measures which may protect against high magnitude NO and
NO: personal exposure in the morning and evening periods. It is also evident that traffic
reduction may be associated with increased Oslevels of future relevance in the context of
reduced NO2 emissions from vehicles as a consequence of phasing out petrol and diesel
vehicles [53]. Further research is required specifically to evaluate effectiveness of national
and local interventions to deliver environmental and health benefits in small UK cities to
inform effective public policy decisions. Further, it is important to apply this learning and
share best practice to address emerging challenges of reducing carbon emissions from the
transport sector in similar settings worldwide.
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