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Summary

A large number of policy initiatives are being taken across London, the UK and the EU to improve air
quality. These initiatives are expected to have a direct impact on the air quality in the whole of London
but especially alongside busy roads. The objective of this study was to identify and characterise those
roadside locations in London that have experienced the greatest changes in air pollution
concentrations since 2010. To focus on the changes in ambient air pollutants due to local traffic
emissions trends and to ensure that the regional scale changes did not confound the analysis,
roadside increments above the urban background concentration were calculated. These
concentrations were denoted by a qa Trends were examined at 65 London monitoring sites.

Between 2005 and 2009 there was an overall increase gNOyx and gNO,. This is in sharp contrast to
the decreasing trends predicted from the progressively tighter Euroclass emissions factors but
concurs with a growing body of evidence that suggests that real-world emissions from diesel vehicles
did not align with improved performance found in type approval tests. qPM,, showed a slight
decrease overall during the same period.

Between 2010 and 2014 an improving picture was found with overall decreases in gdNOy, gNO, and
aqPM,s. It appears that changes in gPM, s can be explained by changes in exhaust emissions of black
carbon consistent with particle traps and other diesel emissions abatement. However, qPMy,
concentrations showed no significant overall change suggesting an increase in coarse particles was
offsetting decreases in tailpipe emissions; this was especially the case in outer London where some
sites had increasing qPMig trends. In most cases trends were similar at all times of the day, however,
where differences in rates of change in gNOy, gNO, and qPM;, were seen these showed lesser
decreases or greater increases during the evening peak hours and weekends, when cars dominate
traffic, when compared with morning peak periods that are dominated by heavier vehicles.

Between 2010 and 2014, sites that exhibited decreasing N Qa n d  gi@ved an approximate 1:1
rati o xof gqiydWever this ratio was not consistent at the monitoring sites that showed the
greatest rate of jiWamsworthePumeyHigh Streetoadd®erton - Civic Centre

s h o weNDy >p Nt the reverse was true at Lambeth i Brixton Road and Camden i Euston
Road showing that different technologies might be responsible for NOx and NO, changes along
Londonds roads or mdyaffecttherparforimance ofcthese techhologias.s

Westminster i Marylebone Rd is often cited as example for the roadside AQMS in inner London.
Between 2010 and 2014 Marylebone Road experienced a slower decrease in NO, roadside
concentrations (decrease of 1-6% annually from concentrations in 2010) compared to other sites in
London, which raises the question why Marylebone Rd did not benefit from the NO, reduction
observed in other locations. Despite a decrease in NO, levels in Marylebone Rd, NOx concentrations
increased by ~5% per year from 2010 t02014. This increase in NOy concentrations was unusual but
was observed elsewhere including City of London i Walbrook Wharf and Hackney i Old St and at
Brent -lIkea. Conversely, Marylebone Road experienced one of the fastest reductions in gPMy,
concentrations (10% annual decrease from levels in 2010). Only Camden i Swiss Cottage and Sutton
I Wallington observed a faster PM;, annual decrease.

Changes in the qCO, did not match the downward predictions from improved fleet efficiency. qCO,
showed an increase at Westminster - Marylebone Rd and non-significant changes at the two other
roadside sites where change could be assessed.

Despite some sites exhibiting a downward trend in their roadside increment, the annual mean
concentration of NO, exceeded the 2010 European Limit Value at around % of road and kerbside
AQMSs during 2014, with seven AQMSs measuring concentrations that were more than twice the
limit.
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This is the first time that Londonés rsapoguatode monitor
rather than summarised as a mean behaviour only, allowing greater insight into the differential

changes in air pollution abatement policies. The next stages of the project will characterise monitoring

sites according to their vehicle activities and emissions with the aim of being able to indentify why air

pollution continues to deteriorate alongside some roads and to replicate the decreases seen at the

best performing locations.
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1 Introduction

The air quality close to roads in large urban areas is usually affected by concentrations of nitrogen
oxides (NOy), particulate matter (PM) and black carbon (CBLK) among other pollutants from traffic.
Some of these roads are located in central areas along high streets or popular streets used by
pedestrians, therefore exposure to traffic-related pollutants can be very considerable. The main
source of pollutants close to roads is exhaust emissions from traffic, especially diesel engines which
emit nitrogen oxides (NOy) in form of nitrogen monoxide (NO) and primary nitrogen dioxide (NO,) and
also elemental carbon and black carbon. However, other non-exhaust traffic-related emissions such
as resuspension, tyre-wear and brake-wear could represent an important fraction of PM in roads.
Diesel emissions are also known to be an important source of ultrafine particles (particles with <0.1
em i n d)iwhich ean berinhaled deeper in the lung system and therefore are thought to be more
toxic than larger particles (HEI, 2013). Whilst the vast majority of roadside locations in London met the
PMyo EU Annual Mean Limit Value of 40 ug m?in 2013 (Mittal et al., 2015; www.londonair.org.uk), the
majority still exceeded the NO, EU Annual Mean Limit Value of 40 pg m™ by a large margin.
Additionally, meeting the EU PM, 5 exposure reduction target remains challenging.

A large number of policy initiatives are being taken across London, the UK and the EU to improve air
quality. Specific policies in London include the Mayord air Quality Strategy (MAQS) in 2010 with the
roll out of new hybrid buses or low-emission buses (Euro-1V) (GLA, 2010). Moreover, Transport for
London (TfL) completed a bus retrofit program which fitted over 1000 buses with a Selective Catalytic
Reduction (SCR) system to remove nitrogen oxide (NOx) emissions from exhaust. The retrofit
program was prioritized for those buses with routes along busy roads such as Elephant and Castle,
Marylebone Road, Fulham Broadway, Oxford Street and Putney High Street (https://tfl.gov.uk/info-
for/media/press-releases/2014/july/world-s-largest-bus-retrofit-programme-compjeted).

These initiatives were expected to have a direct impact on the air quality in the whole of London but
especially alongside busy roads. Measurement s f rom Londonds roathessi de
pollution concentrations at some sites are improving much faster than others. For example, ambient
concentrations of NO, and PM;, measured at Marylebone Road have reduced over the last four years
but this tendency has not been replicated across other London roads. Conversely, NOx
concentrations at Marylebone Road have not decreased as expected.

The objective of this study is to identify those roadside locations in London that have experienced the
greatest changes in air pollution concentrations since 2010. The air pollutants analyzed were: NOx,
NO,, PMio PM,5), CBLK, organic and elemental carbon (OC, EC), particle number (PN) and carbon
dioxide (CO,). Trends between 2010 and 2014 are compared with those between 2005 and 2009 to
highlight those sites with a marked change in tendency.

sites
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2 Methods

2.1 Monitoring sites

In order to focus on the changes in ambient air pollution due to local traffic emissions (exhaust and
non-exhaust), trends of the roadside increments above the urban background concentration were
calculated. In this way changes over time due to processes at the regional scale did not confound the
analysis. Roadside increments for a given pollutant were calculated for all the roadside and kerbside
Air Quality Monitoring Sites (AQMSs) in London on an hourly basis by removing the background
concentration from that measured at the roadside AQMS. Air Quality data was extracted from the UK
AutomaticUr ban and Rur al Net wo arkicle CompdRitioh and NuEbeRNetvark P
and Black Carbon Networks along with the London Air Quality Network (LAQN). In total these
comprised 65 roadside AQMSs (Figure 1).

Measurements from Kensington and Chelsea - North Kensington (KC1, 51.521°N, -0.2135°E)
were taken as background concentrations. The choice of KC1 as background was for three reasons:

1 The use of a single background site allowed roadside increments to be directly compared
between different roadside locations.

1 Itis the urban background AQMS with the longest complete time series for all pollutants.

I Trends observed at North Kensington were the same (within confidence interval) of the
overall trends observed for all urban background sites in London (Supplementary Figure 1;
Supplementary Figure 2), with the only exception of trends for NO, between 2005-2009 when
a faster decrease in NO, concentrations was observed at this site compared with the other
urban background sites in London. The rate for KC1 was -1.07 (-1.80,-0 . 8 1) *y'and m
that for all London background sites was -0.37 (-0.67,-0 . 07 ) ®y¥'.g m

Roadside increments have been | abelled with the prefi

2.2 Measurement methods

NOx (NO + NO,) was measured by chemi-luminiscence and fortnightly calibrations enabled the
traceability of measurements to national metrological standards. PM,q and PM, s were measured by
TEOM-FDMS (Tapered Element Oscillating Microbalance - Filter Dynamics Measurement System)
and by TEOM. TEOM-FDMS measurements were reference equivalent. PM measurements made by
TEOM were converted to reference equivalent using the Volatile Correction Model (VCM) (Green et
al., 2009). CBLK in PM, s was measured by the Magee Aethalometer AE22. Ultrafine particles were
measured by Condensation Particle Counter (CPC) which counts particle number concentration
(PNC; expressed as #N m'3). Particles were first grown by condensation to a bigger size, thus
allowing easy detection by laser scattering. The carbonaceous compounds in PM;q (organic and
elemental carbon, abbreviated OC and EC, respectively) were measured by exposing a filter for a day
followed by thermo-optical analysis. All instruments were subject to twice yearly audit tests by the
National Physical Laboratory or Ricardo AEA.

Trends for roadside CO, concentrations have been also assessed. CO, is a greenhouse gas that it is
found naturally in the atmosphere. However, CO, concentrations have been rising since industrial
times due to the use of fossil fuels and landscape changes. Anthropogenic sources of CO, in urban
areas are related to combustion processes such as burning of fossil fuels and electricity production.
Roadside increments of CO, are taken as indication of direct exhaust emissions from traffic. CO,
concentrations were measured using a LICOR-820 Non-Dispersive IR analyzer. Two-point
calibrations were carried out every 15 days with a zero-scrubber (soda lime) and a CO, span gas
referenced to the International Scale (WMO-X2007).

10
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BG KC1 : Kensington and Chelsea - North Kensington
1 BN1 : Barnet - Tally Ho Corner

2BT4: Brent - lkea

3 BT6 : Brent - John Keble Primary School

4 BX6 : Bexley - Thames Road North FDMS

5 BX7 : Bexley - Thames Road North

6 BX8 : Bexley - Thames Road South

7 BY7 : Bromley - Harwood Avenue

8 CD1 : Camden - Swiss Cottage

9 CD3 : Camden - Shaftesbury Avenue

10 CD9 : Camden - Euston Road

11 CR2 : Croydon - Purley Way

12 CR4 : Croydon - George Street

13 CRS5 : Croydon - Norbury

14 CT6 : City of London - Walbrook Wharf

15 CT8 : City of London — Upper Thames Street
16 CY1 : Crystal Palace - Crystal Palace Parade
17 EAO : Ealing - Acton Town Hall FDMS

18 EA2 : Ealing - Acton Town Hall

19 EA6 : Ealing - Hanger Lane Gyratory

20 El : Ealing - Western Avenue

21 EN4 : Enfield - Derby Road

22 ENS5 : Enfield - Bowes Primary School
23GBO: ich and Bexley — FDMS
24GB6: ich and Bexley —

25 GNO : Greenwich — A206 Burrage Grove

26 GN3 : Greenwich - Plumstead High Street
27 GN4 : Greenwich - Fiveways Sidcup Rd A20
28 GRS : Greenwich - Trafalgar Road

29 GR7 : Greenwich - Blackheath

30 GRS : Greenwich — Woolwich Flyover

31 GRS : Greenwich - Westhorne Avenue

32 HF1 : ith and Fulham -

33 HG1 : Haringey - Haringey Town Hall

34 HI : Hillingdon - South Ruislip

35 HI2 : Hillingdon — Hillingdon Hospital

36 HI3 : Hillingdon - Oxford Avenue

37 HK6 : Hackney - Old Street

38 HR2 : Harrow - Pinner Road

39 HS4 : Hounslow - Chiswick High Road

40 HS5 : Hounslow - Brentford

41 HV1 : Havering - Rainham

42 HV3 : Havering — Romford

43152 : Islington - Holloway Road

44 KC2 : Kensington and Chelsea - Cromwell Road
45KC3: i and Chelsea - Kni

46 KC4 : Kensington and Chelsea - Kings Road
47 KC5 : Kensington and Chelsea - Earls Court Rd
48 LB1 : Lambeth - Christchurch Road

49 LB4 : Lambeth - Brixton Road

50 LW2 : Lewisham - New Cross

51 ME1 : Merton - Morden Civic Centre

52 MY1 : Westminster - Marylebone Road

53 MY7 : Westminster - Marylebone Road FDMS
54 NM2 : Newham - Cam Road

55 RB3 : Redbridge - Fullwell Cross

56 RBA : Redbridge - Gardner Close

S57RBS : i - South

0.00

Longitude (deg E)

Figure 1. Map with the roadside sites and the background site (BG) used in this study.

0.25 s8 Ri1 : Richmond Upon Thames - Castlenau

59 ST4 : Sutton - Wallington

60 ST6 : Sutton - Worcester Park

61 TH2 : Tower Hamlets - Mile End Road
62 TH4 : Tower Hamlets - Blackwall

63 WAT : Wandsworth - Putney High Street

11
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2.3 Calculating trends

Trends in roadside increments were calculated for two periods: 1% January 2005 to 31%' December
2009; and 1* January 2010 to 31* December 2014. Linear trends over the 5-year-periods were
calculated using the @ heilSenéfunction from the R/openair package (Carslaw and Ropkins, 2012;
2015). Briefly, the function works as follows. Given a set n x,y pairs, the slopes between all pairs of
points are calculated and the median is given as the most probable slope (trend). This method is
robust to outliers and can be used in non-normal and heteroscedastic data series (e.g. ambient air
quality data). Confidence intervals were calculated at the 95% interval and estimates of the p-value
were calculated by bootstrap sampling. A sensitivity test in the trend calculations was carried out and
details are given in Supplementary Material (SM. 2).

Trends on roadside increments were calculated from monthly means which were first calculated from
hourly roadside increments. Monthly means were calculated when data capture was greater than
75%. Missing monthly data was linearly interpolated. Time series were de-seasonalized by applying a
LOESS smoothing function (Cleveland et al., 1990). Only sites with at least 45 months of available
data for each of the 5-year-periods were reported.

The overall trend for all roadside and kerbside AQMSs in London for each time period was calculated

by fitting the linear Random-Ef f ect s Model-L&iDed Sé snoinmatnor 6 (from the
package; Viechtbauer, 2010). The Random-Effects (RE) fit assumes that there are two sources of

variation in the data set: the within-site estimation variance (variability in the trend calculated for one

site as expressed by the confidence intervals) and between studies (variability of trends among sites)

(Borenstein et al., 2010).

Trends for the morning and evening rush hour peaks and weekends were estimated using the same
methodology. Morning and evening peaks were calculated from weekday data, excluding Public and
Bank Holidays in the UK, between 6h and 10h, and between 16h and 20h local time, respectively.

Expressing the trend as percentage change presented some difficulties where the increment was
small. At these locations small trends can become inflated when expressed as percentage changes
which might not be realistic given intrinsic uncertainties of the measurements and in the trend
assessment. This was especially the case at roadside sites in outer London. Instead of calculating a
crude percentage, this metric was visualised by plotting trend against increment in the year of the
period for all sites assessed.

Di stance t o L onfaeanhtAQMIEwas calcuated) setting the centre at Charing Cross
(51.508°N, 0.125°W). Sites <10 km from Charing Cross were flagged as inner London; sites > 10 km
away from Charing Cross were flagged as outer London.

12
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3 Results

3.1 Trends for the regulated pollutants: NO, (and NOx) and PM

3.1.1 Trends between 2005 and 2009
The trends for the NOy, NO, and PM;or oadsi de i ncremg,nteN@da g My @NO
respectively) for the period 2005-2009 for both individual roads and for the whole of London are
summarized in Figure 2. Trends in N @ were not statistically significant for a great range of sites in
London; however the number of sites with a positive trend exceeded those with a negative one
leading to an overall increase of 0.87 (0.07, 1.68) ug m> y™*. For N @ the majority of sites
experienced an increase over time and the overall trend was 1.63 (1.25, 2.01) ug m™ y™*. The picture
for the trends in qPM,, was more mixed with the majority of sites with a zero trend. Overall, the
roadside AQMSs in London displayed a slight decreasing trend in ¢qpP M: -0.19 (-0.34, -0.03) pg m™
-1

y-.

Relative to their roadside increment in 2005 the majority of sites with a positive and statistically

significant trend had (pN @ and o N @rates greater than 5% (Figure 3 A, B and Figure 4A, B). qNOy

increased between 5 and 20%; o N @ between 20 and 50%. Sites with the greatest upward trends

(>50%) in N @were located in outer London. That was due to very small roadside increments in the

firstyear,. Si t es whi ch exper i enc egdeonaentrhttonsrdid ihet ®rate ai~1t5% e i r @NO
and those were Islington i Holloway Road (IS2), Lambeth i Brixton Road (LB4) in inner London; and

Redbridge 1 Fullwell Cross (RB3) in outer London.

13
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Crystal Palace - Crystal Palace Parade = o . 0.30 0.55

Westminster — Marylebone Road —e— 0.33 , 094

Redbridge — South Woodford HH - 0.35 . 0.56

Haringey — Haringey Town Hall HeH - 0.36 0.65

Camden — Shaftesbury Avenue —e— 0.46 092

Redbridge - Gardner Close —— . 0.62 118

Greenwich — A206 Burrage Grove H 076 104

Havering — Romiord —e— 121 1383

Westminster — Marylebone Road FDMS : —— - 1.58 218

Overall (RE) * -0.19[-0.34 , -0.03 ]

! T T T T I 1
-3.00 -100 000 100 200 300

trend APM1gug m™ year ')

Figure 2. Forest plots for the trends over time (expressed in ug m? y'l) for the roadside increments of
NOx (A), NOz (B) and PMyq (C) for the 2005-2009 period. *** trend significant at the 0.001 level; **
significant at the 0.01 level; * significant at the 0.05 level; + significant at the 0.1 level; (blank) not
statistically significant. Overall (RE) refers to the mean trend for all sites.
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Figure 3. Median trend for the roadside increments between 2005 and 2009 against mean roadside
concentration in 2005 for NOx (A), NO2 (B) and PMjo (C). Only sites in inner London (< 10 km from the city
centre) with statistical significant trend (p<0.1) are shown.

Most sites in inner London with a statistically significant trend in (pP M decreased at a ~5% rate or
faster (Figure 3C). Only Crystal Palace i Crystal Palace Parade (CY1) and Westminster - Marylebone
Road FDMS (MY7) showed a positive trend (>10%). The picture was more mixed in sites in outer
London (Figure 4C). Some sites increased at a much faster rate such as 50% at Haringey i Town
Hall (HG1); Greenwich i A206 Burrage Grove (GNO); and Havering i Romford (HV3). Others
exhibited a fast downward trend such as Greenwich i Plumstead High Street (GN3) and Redbridge 1
Fullwell Cross (RB3).
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Figure 4. Median trend for the roadside increments between 2005 and 2009 against mean roadside
concentration in 2005 for NOx (A), NO2 (B) and PMjo (C). Only sites in outer London (> 10 km from the city
centre) with statistical significant trend (p<0.1) are shown.

3.1.2 Trends between 2010 and 2014

Overall trends in N Qa n d  gud&nged sign for the period between 2010 and 2014 when
compared with 2005 to 2009. gNOx and gNO, experienced a general downward trend for this period:
-1.11(-2.27, -0.04) and -1.65 (-2.27,-1.03) pg m* y'l, respectively (Figure 5A, B). The downward trend
for gNO, was exhibited at more sites in London than for gNOy (Figure 5A, B). The majority of sites in
both in inner and outer London decreased their gdNO, concentrations at a rate <10% of the annual
mean increment in 2010 (Figure 6B and Figure 7C) with the excepption of Merton i Civic Centre
(ME1) which decreased at 18% per year. In inner London, City of London i Walbrook Wharf (CT6),
Ealing i Westbourne Avenue (El1) and Hackney i Old Street (HK6) showed positive trends in ANO,
at a significant rate (5% -10% per year); in outer London, Greenwich i Sidcup Road (GN4) and
Haringey i Town Hall (HG1) showed positive trends in ANO, (20% increase per year).
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